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CAVITATION IN LIQUID CRYOGENS 
III - OGIVES 
J. Hord 

1. SUMMARY 

This document constitutes the third of four volumes to be issued 
on the results of continuing cavitation studies. The first volume dealt 
with venturi experiments, and the second volume treated 0. 5-caliber 
hydrofoil experiments and extended the theory for correlating developed 
cavitation data. This third volume documents experimental results for 
three, scaled, quarter -caliber ogives. 

Details of the ogive-tunnel configurations, cavity instrumentation, 
data analysis, and correlative techniques are discussed. 

Experimental data resulting from this study are presented in their 
entirety in tabular form. Selected data are also presented in graphical 
form. Both desinent and developed cavity data were acquired, using 
liquid hydrogen and liquid nitrogen test fluids. A mathematical tech- 
nique was used to correlate the ogive desinent cavity data. The desinent 
data tend toward a narrow range of K. values, at the maximum fluid 

IV 

velocities, irrespective of fluid or fluid temperature. Similar results 
were previously obtained with the venturi and hydrofoil. Comparison 
of our desinent data with that of others--for higher boiling-point liquids 
--shows that cryogenic liquids require less subcooling to avoid cavita- 
tion, i. e, , less Net Positive Suction Pressure (NPSP) is required for 
the cryogens. 

Our ogive desinent data do not reflect a consistent size effect, 
although the ogive diameters varied by a factor of two. For hydrogen, 
increases with ogive diameter, but an opposite trend is noted for 
nitrogen. Use of the Weber and Reynolds numbers, as correlating 



parameters, does not improve correlation of these desinent data. It 
is also apparent from these data that correlation of desinent cavity data, 
to account for variation of K with fluid temperature, will require 
development of new correlating parameters. New parameters for cor- 
relating size effects in desinent cavity data may also be required. 

Developed cavity data, consisting of pressure and temperature 
measurements within fully developed hydrogen and nitrogen cavities, 
indicated that stable thermodynamic equilibrium prevails throughout the 
vaporous cavities. These data were correlated using the extended theory 
derived in Volume II of this report series and the new correlating parame- 
ter, MTWO; MTWO is a liquid phase velocity ratio, derived from two- 
phase flow considerations. These correlative expressions are also 
suitable for predicting the cavitating performance of a particular piece 
of equipment from one fluid to another. In certain instances, data cor- 
relation is improved by using liquid kinematic viscosity as a correlating 
parameter. Maximum benefit, in data correlation, is obtained by using 
the new MTWO parameter. When MTWO is used it appears that only 
two other correlating parameters, cavity length and equipment size, are 
required. Use of MTWO, to correlate or predict the performance of 
cavitating equipment, is recommended in all future work. It is signifi- 
cant that the parameters which satisfactorily correlated the venturi and 
hydrofoil data also work quite well for these ogive data. Thus, these 
correlating parameters are proven applicable to a variety of body geo- 
metries (two-dimensional and axi symmetric) that encompass internal 
and external cavitating flows . 

The developed- cavity data obtained with the ogives exhibited a 
consistently strong size effect. The cavity pressure-depressions in- 
creased with increasing ogive diameter; consequently, B-factor increased 
with increasing ogive diameter. For these data, we found that B-factor 
increases almost linearly with increasing ogive diameter- -if the cavity 
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length-to-ogive-diameter ratio is held constant. Comparison of our data 
with those of others indicates that size effects vary with specific equip- 
ment and equipment -fluid combinations. 

This study demonstrates that K . can vary widely with fluid 

c, mm 3 9 

flow conditions, and equipment size, although the equipment geometry 

is fixed. m ^ n ' course, varies widely with equipment geometry 

and our ogive data show that K . increases with increasing ogive 

c , mm ® b 

size. This information, coupled with that of others, indicates that 

current predictive techniques must be used with prudence, i. e. , the 

techniques that rely upon constant K . admit an additional source of 

c , mm 

error for some equipment geometries. This study also indicates that 
K c for a specific piece of equipment, is not currently predictable 

prior to testing of that equipment. It is suggested that extensive experi- 
mental data relating the cavitating pressure coefficient, K to the 

v c,min 

noncavitating pressure coefficient, C , may alleviate this situation. 

P 

Photographic studies, performed during this experiment, indicate 
that the cavities formed on the ogives have an elliptical shape. The 
front halves of these cavities are adequately represented by a simple 
algebraic expression of parabolic form. 

2. INTRODUCTION 

Vaporous cavitation is the formation of the vapor phase within a 
flowing liquid, due to a reduction in pressure. Since the formation and 
collapse of vapor cavities alters flow patterns, cavitation may reduce 
the efficiency of pumping machinery [1 ] 1 and reduce the precision of 
flow measuring devices. Collapse of these vapor cavities can also 
cause serious erosion damage [2] to fluid -handling equipment. While 
the noncavitating performance of hydraulic equipment may be predicted 
from established similarity laws, cavitating performance is much more 


Numbers in brackets indicate references at the end of this paper. 
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difficult to predict from fluid -to -fluid. Recent advances in this area 
have been made by NASA-LeRC personnel [3-6] and others [7-9], but 
additional work is required to improve the current technique for pre- 
dicting cavitating performance of equipment from fluid -to -fluid. 

The effects of fluid properties on cavitation performance are well 
recognized [10-19] and require more understanding to develop improved 
similarity relations [19] for equipment behavior. Much mqre knowledge 
is needed to extend this predictive capability from one piece of equip- 
ment to another, i. e. , a more general predictive technique, applicable 
to equipment design, must include the effects of equipment geometry 
and size in addition to fluid properties. 

NASA has undertaken a program [1] to determine the cavitation 
characteristics of various hydrodynamic bodies and the thermodynamic 
behavior of different fluids, in an effort to obtain improved design cri- 
teria to aid in the prediction of cavitating pump performance. The study 
described herein was conducted in support of this program. 

Liquid hydrogen and liquid nitrogen were chosen as test fluids for 
this study for the following reasons: (1) the ultimate goal of this pro- 
gram is to acquire sufficient knowledge to permit intelligent design of 
pumps for near-boiling liquids, and (2) predictive analyses indicated [1] 
that the physical properties of hydrogen and nitrogen make them particu- 
larly desirable test fluids. The objectives of this study were 1) to experi- 
mentally determine the flow and thermodynamic conditions required to 
induce desinent (or incipient) and developed cavitation on various hydro- 
dynamic bodies, 2) to improve existing correlative expressions for the 
prediction of cavitating performance of hydraulic equipment, and 3) to 
establish, if possible, a technique for predicting the fluid-handling capa- 
bility of different cavitating equipment using different fluids. The latter 
two items are extensions of the state-of-the-art and the last objective 
is highly optimistic, i. e. , accounting for the effects of equipment geome- 
try and size in the predictive expressions. 
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This report covers the work performed on three cylindrical bodies 
with quarter- caliber rounded heads. Such bodies are commonly called 
'ogives' and ' quarter- caliber ' indicates that the curve that is tangent to 
the cylinder nose and the cylindrical body has a radius that is l/4 
of the diameter of the cylindrical body. The three quarter-caliber 
ogives had diameters of 0.210-inch (0.533 cm), 0.357-inch (0.907 cm), 
and 0.420-inch (1.067 cm). This two-to-one variation in size was pro- 
vided to permit the study of size effects . Cavitation data, pertaining to 
a transparent plastic venturi and a half- caliber hydrofoil, were presented 
in Volumes I and II of this report series [20, 21]. 

Both desinent and incipient cavitation data were acquired with hydro- 
gen and nitrogen test fluids. In this report, desinence (or incipience) 
refers to barely visible cavities. Preliminary tests indicated that the 
incipient data were not repeatable; consequently, very little effort was 
expended in acquiring incipient data- -only two incipient data points are 
reported in the tabulated data given in appendix A. In the desinent cavity 
studies, the range of attainable test section inlet velocities varied with 
the size of the ogives as follows: For the 0.210-inch ogive, the velocity 

varied from 120 to 255 ft/ s (36.6 to 77.7 m/s) with hydrogen, and from 
30 to 90 ft/ s (9.1 to 27.4 m/ s) with nitrogen; for the 0. 357-inch ogive, 
the velocity varied from 113 to 230 ft/ s (34.4 to 70.1 m/ s) with hydrogen, 
and from 25 to 83 ft/ s (7 . 6 to 25.3 m/ s) with nitrogen; for the 0 . 420-inch 
ogive, the velocity varied from 110 to 158 ft/ s (33.5 to 48.2 m/ s) with 
hydrogen, and from 27 to 70 ft/ s (8.2 to 21.3 m/s) with nitrogen. Inlet 
fluid temperatures were varied from approximately 37 to 42 R (20.56 to 
23.33 K) with hydrogen, and from 138 to 166 R (76.67 to 92.22 K) with 
nitrogen . 

Pressure and temperature profiles, within fully developed cavities, 
were measured and are referred to herein as developed cavitation data. 

The bulkstream vapor pressure exceeds the measured cavity pressure 
and the saturation pressure corresponding to the measured cavity tem- 


5 


perature; therefore, the measured pressure depressions, and the pres- 
sure depressions corresponding to the measured temperature depressions, 
within the cavity, are called "pressure depressions." Alternatively, 
the pressure depression may be expressed in terms of its equivalent 
equilibrium "temperature depression." Contrary to the venturi tests 
[20, 22], no thermodynamic metastability was detected within the vapor- 

ous hydrogen or nitrogen cavities developed on the hydrofoil [21] or the 
ogives; i.e., measured temperatures and pressures within the cavitated 
regions appeared to be in thermodynamic equilibrium. 

Test section inlet velocity range, inlet liquid temperatures, and 
cavity lengths varied with ogive size; fluid velocities and temperatures 
were approximately the same as those listed for the desinent data. Slightly 
higher velocities were required to develop long cavities on the ogives, 
and maximum inlet velocities were attained with the 0.210-inch ogive. 
Maximum inlet velocities were: 

1) 0 210-inch ogive - 304 ft/s (92. 7 m/s) with hydrogen and 

111. 6 ft/s (34. 0 m/s) with nitrogen, 

2) 0 3S 7-inch ogive - 263. 3 £t/s (80. 3 m/s) with hydrogen end 

90. 6 ft/s (27. 6 m/s) with nitrogen, 

3, 0 420-inch ogive - 169. 1 ft/s (51. 5 m/s) with hydrogen and 

72. 0 ft/s (21. 9 m/s) with nitrogen. 

Cavity lengths varied as follows: 

1) 0. 210-inch ogive --0. 22 to 0. 96 inches (0. 56 to 2. 44 cm) 

with hydrogen and from 0. 20 to 1. 52 inches (0. 51 to 3. 86 cm) with 
nitrogen, 

2) 0 357-inch ogive -- 0. 40 to 1. 50 inches ( 1. 02 to 3. 81 cm) 

with hydrogen and from 0. 40 to 1. 75 inches (1. 02 to 4. 45 cm) with 
nitrogen, 

3 ) Q, 420-inch ogive -- 0. 44 to 1 . 48 inches ( 1 . 1 2 to 3. 76 cm) 
with hydrogen and from 0. 32 to 1. 80 inches (0. 81 to 4. 57 cm) with 
nitrogen. 
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A similarity equation, based upon the B-factor concept of Stahl 
and Stepanoff [11], has been developed [19] for correlating cavitation 
data for a particular test item from fluid -to -fluid; this correlation is 
also useful in extending the velocity and temperature range of data for 
any given fluid. Thermal boundary layer considerations and two-phase 
mass flux limiting concepts were used [ 2 1 1 to improve this corre- 
lative expression. A new correlating parameter, MTWO, was developed 
[21] and has proven to be a valuable correlating parameter for our venturi, 
hydrofoil [21], and ogive data. The MTWO parameter is the ratio of 

V /V --where V is proportional to the two-phase liquid-vapor sonic 

o t t 

velocity across the cavity interface, see reference [21]. The correla- 
tive expressions [21] developed in the course of this study are used to 
correlate the experimental data for the ogives. A comparison of the 
correlative results for the venturi, hydrofoil , and ogives is also provided. 

The developed cavitation number, K . , is a vital parameter 
r c,mm 

in current formulations for predicting [3-5] the cavitating performance 

of liquid pumps. K . , for a specific piece of equipment, is currently 
n c , mm 

obtained from experimental performance tests. To apply existing pre- 
dictive techniques, K . must remain essentially constant, thus 
^ c , mm 

requiring the use of similar or identical equipment. Existing predictive 

techniques could be generalized, and possibly materially improved, if 

K were predictable from one piece of equipment to another. This 

c , min 

study indicates that it may be possible to predict from known 

fluid flow and equipment geometry considerations. It will be shown that 

K . can be related to the non- cavitating minimum pressure coefficient 
c , min 

for cavitating bodies, such as the venturi [20], hydrofoil [21], and ogives 
used in this study. A similar approach may be possible with rotating 
machinery such as liquid pumps and inducers. 
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3. EXPERIMENTAL APPARATUS 
The experimental apparatus used in this study was explained in 
detail in the first volume [20] of this report series. The experimental 
facility, instrumentation, error statements, visual and photographic aids, 
and test procedures are fully described in that document [20]. One addi- 
tional error statement- -concerning uncertainty in pressure measurement 
for nitrogen test fluid--was needed and given in section 5. 2 of Volume II 
[ 21]. Only the test section (tunnel) and ogive details need to be discussed 
here. The tunnel was located between the supply and receiver dewars of 
a blowdown flow system, see reference [20]. 

3. 1 Ogives, Tunnels, and Sting-Mount Assembly 
The quarter-caliber ogives, used in this experiment, were chosen 
so that developed cavitation test data could be obtained for external flow 
over axisymmetric bodies. These data may ultimately be correlated with 
similar data for external flow over a hydrofoil [21] and for internal flow 
through a venturi [20], Also, the ogives offer an opportunity to study the 
effects of cavity shape on the correlative formulae, i. e. , the cavity thick- 
ness, as a function of length, velocity, etc. , may be determined. 

The three ogives used in this experiment consisted of cylindrical 
bodies with quarter-caliber rounded noses. The diameters of the cyl- 
indrical bodies were 0. 210-inch (0. 533 cm), 0. 357-inch (0. 907 cm) and 
0. 420-inch (1. 067 cm). The length -to -diameter ratio of the ogives is 
8:1, and the ogives are instrumented with pressure and temperature sen- 
sors over a length of ~ 3. 5 diameters. 

Transparent plastic tunnels, and rigid metallic sting-mounts, were 
designed to experimentally complement the quarter-caliber ogives. The 
ogives were designed to mate directly with the sting-mount used in the 
hydrofoil tests [21] — thi s sting design was fully described in the hydrofoil 
report [21] and will not be discussed herein. Initially, the tunnels were 
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designed so that the internal passages were constant- diameter cylindrical 
ducts; however, difficulties were encountered with tunnel cavitation, and 
it was necessary to enlarge the tunnel diameters downstream of the ogive 
noses . 

A photograph of the 0 . 210-inch and 0 . 420-inch ogives, ready for 
installation in the test facility, is shown on figure 3.1 . Optical distortion 
photographs of the three plastic tunnels, as fabricated, are shown on 
figures 3. 2 through 3.4. A sketch of an instrumented ogive and sting 
assembly is given on figure 3.5, and figures 3.6 through 3.8 show photo- 
graphs of the ogives as viewed during tests. Details concerning the ogives 
and tunnels are given below and on figures 3.9 through 3. 14. 

3.1.1 Design Considerations 

The ogives were initially designed to be situated within constant- 

2 

diameter cylindrical tunnels. A tunnel blockage factor, (D^/D^) , of 
approximately 10 percent was selected to cause the ogives to cavitate 
readily; however, preliminary tests indicated that cavities, developed 
on the ogives, were sufficiently thick to cause tunnel cavitation. The 
tunnel (test section) cavitation is attributed to the pressure reduction 
that accompanies the acceleration of liquid between the cavity and tun- 
nel walls. Machining a bell- contour ed diffuser into the plastic tunnel 
alleviates this Bernoulli effect in the vicinity of the cavity, but simul- 
taneously decreases the ogive cavitation number, K.^ resulting in 
lower magnitudes of subcooling, P^-P^, in the tunnel inlet liquid 
and therefore enhancing cavitation in the inlet of the tunnel. Thus, to 
perform experiments within the pressure and flow limitations of the 
existing facility, it was necessary to machine bell- contoured diffusers 
into each of the plastic tunnels, see figures 3.12 to 3.14. These con- 
tours provided sufficient relief to avoid tunnel cavitation, without detach- 
ment of the cavity on the ogive, i.e., the cavity developed on the ogive 
adhered to the ogive--all tests were monitored via remote closed- circuit 
TV and motion picture cameras. 
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0.420 inch dia. ogive 
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Figure 3. 4 Photograph showing optical distortion attributable to plastic tunnel, as fabricated, for the 
0. 420-inch ogive. 


PRESSURE -SENSING TUBES EXIT 
HERE --USE ALIGNMENT PIN 
FOR ASSEMBLY. 



Figure 3. 5 Sketch of instrumented ogive and sting assembly, 



Figure 3. 6 Photographs showing typical appearance of vaporous 
hydrogen cavities on the 0.210-inch ogive. 


15 



Figure 3. 7 Photographs showing typical appearance of vaporous 
hydrogen cavities on the 0 # 357-inch ogive. 
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ALL DIMENSIONS IN INCHES (Unless otherwise noted) 



Figure 3. 10 Details of 0. 357-inch diameter ogive. 
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Figure 3. 13 Details of plastic tunnel for 0. 357 -inch diameter ogive 
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Several experiments were performed to determine the optimum 
configuration of the diffuser contour. Conical tapers of 3.5 degrees 
(half-angle taper) and 4.94 degrees were tested before the bell-contour 
was tried. Neither of these conical diffusers provided sufficient pres- 
sure recovery, far enough upstream, to avoid tunnel cavitation in the 
vicinity of the cavity attached to the ogive. Calculations indicated that 
conical diffusers with steeper half-angles would promote flow separation 
at the diffuser entrance, thus promoting cavitation at that point. Con- 
sequently, bell-contours were designed and the configuration indicated 
on figures 3.12 to 3.14 was finally selected. This contour was located 
so that the ogive cavitation number, K. y , was not drastically lowered, 
and a blockage factor of 9.5 percent was found to be optimum. Thus, 
to avoid tunnel cavitation, the tunnel design was compromised by the 


addition of a bell-contour diffuser- - simultaneously, this diffuser 
demanded the use of a 9.5 percent blockage factor and dictated the axial 
position of the ogive nose, relative to the diffuser. This axial position is 

clearly indicated on figures 3. 12 to 3.14. 

One of the primary objectives of this study was to experimentally 

determine cavity shapes, thicknesses, etc therefore, photographs were 
taken, using rectangular grid paper, to evaluate the optical distortion 
caused by the bell- contour s . Figures 3.2 to 3.4 indicate the magnitude 
of this optical distortion- cavity dimensions, obtained from cavity photo- 


graphs, were corrected to account for this tunnel induced optical dis- 
tortion. The plastic tunnels were designed to provide noncavitating uni- 
form flow at the ogive nose. Uniformity of static pressure at the wall of 
the tunnel inlet was experimentally verified by diametrically-opposed 
static pressure measurements in the tunnel inlet, see figures 3.12 to 3.14 
The thermocouple junctions and pressure sensing ports, used to 
measure temperatures and pressures within the cavities developed on 
the ogives, were located as shown in figures 3.9 to 3.11. The pressure 
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and temperature sensors were spaced to provide a well-defined con- 
tinuous pressure profile, as obtained from the pressure and tempera- 
ture measurements within the cavity. The cavities developed on the 
ogives appeared symmetrical in all tests, see figures 3. 6 to 3. 8. 

The ogive test assembly was installed in the same space allocated 

for the plastic venturi [20] and the hydrofoil [21] in the experimental 
apparatus. 

3. 1. 2 Details of Fabrication 

The tunnels were constructed from annealed, cast acrylic rod; they 
were easily machined by conventional means. The bell-contours were 
cut by grinding special lathe tools with the exact contours as indicated 
on figures 3. 12 to 3. 14. The contours of the tool bits were verified by 
50X magnification on an optical comparator. After machining, the 
internal dimensions and contours of the tunnels were checked by using 
the tunnels as molds for dental plaster plugs; the plugs were then removed 
and measured. The internal passages of the tunnels were then carefully 
polished to a high lustre, using plastic polishing compound. 

With the critical machining and polishing completed, the tunnel 
exteriors were machined and polished. Tunnel dimensions and the loca- 
tion of pressure taps are shown on figures 3. 12 to 3. 14. Maximum 
effort was devoted to polishing the interior and exterior surfaces of the 
tunnel walls, so that cavities on the ogives could be observed with maxi- 
mum optical resolution. Scribe marks on the tunnel exteriors were used 

to estimate developed cavity lengths, see figures 3. 2 to 3. 4 and 3 6 to 

3. 8. 

Construction of the ogives is quite intricate; therefore, one must 
carefully study figures 3. 9 to 3. 11 and figure 3. 5 to fully appreciate the 
finer details. The hollow ogives and ogive mandrels were easily 
machined by conventional means. The quarter -caliber ogival nose 
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was lathe- cut by using a special tool that was shaped by grinding. The 
mandrel portion of each ogive was designed to accommodate ten stainless 
steel tubes [0 . 040 -inch (0 . 102 cm) diameter with 0 . 00 5 -inch (0.013 cm) 
wall thickness], see figures 3.9 to 3.11. Each tube was plugged with 
silver solder on the end nearest the leading edge of the ogive, see figure 
3.11. With the tubes in place, the mandrel and tubes were tinned with 
soft solder. The hollow ogive, as shown on figure 3.11, was puddled 
full of soft solder. The mandrel and hollow ogive were then carefully 
assembled, while the solder was liquid. 

Upon completion of this assembly, holes were drilled through the 
ogive into each of the ten small tubes as indicated on figures 3.5 and 
3.11. Each of the holes, so drilled, are isolated from the others by 
the soft solder that fills all voids between the mandrel and hollow ogive. 
Five of these holes became pressure sensing stations, while the other 
five were used for thermocouples. This entire assembly was then attached, 
by soldering, to the sting socket using a special alignment fixture, see 
figure 3.5. The small tubes must be threaded through the sting, hollow 
strut, etc., to mate the ogive and sting. Also, the five tubes used as 
thermocouple conduits were extended through a tube support, at the rear 
of the sting, and soft soldered to this support. Later, during thermo- 
couple fabrication, this support was epoxied to the sting. 

Five pressure transmitting tubes were routed from the ogive, 
through the hollow sting, and up through one of the hollow elliptical 
struts. Then, the tubes pass through a slot in the flange and extend 
through a short length of 0.25-inch (0.64 cm) diameter tube that was 
located outside of the flange. The smaller tubes were collectively 
soldered inside this larger tube, to form a seal, and then the larger 
tube was sealed to the flange with a commercial compression fitting. 
Similar fittings were provided for the pressure sensing stations on the 
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plastic tunnel. The small pressure transmitting tubes terminate outside 
of the flange, in the vacuum insulation space, see figures 3.1 and 3.5. 
These tubes were then solder- connected to larger tubes which penetrate 
the vacuum barrier and were attached to pressure transducers. 

The other hollow elliptical strut was used to guide thermocouple 
wires into the vacuum space, see figures 3.1 and 3.5. Details of the 
thermocouple fabrication, installation, epoxy seals, etc., are given in 
appendix B of reference [21]. Following this installation, the thermocouple 
sensors extend through small mounds of epoxy on the ogives. These 

epoxy bumps must be removed so that 1) the bare thermocouple junction 
is flush with the surface of the ogive and 2) the thermocouple junction is 

surrounded by epoxy that electrically and thermally isolates the thermo- 
couple while sealing it to the ogive. This installation technique assures 
rapid response of the thermocouples, while electrically and thermally 
isolating the junctions from the metal ogive. The epoxy bumps were 
finished flush with the ogive, by using Swiss files and then fine-grit sand- 
paper; during this hand-finishing operation, the entire ogive was tape- 
masked, exposing only the epoxy bumps. Following this finishing opera- 
tion, the entire ogive was carefully polished, measured, and installed 
in the test apparatus. 

A detailed description of assembly procedures and instrumentation 
techniques was provided for the hydrofoil [21 ] --identical procedures and 
techniques were used for the ogives and the reader is referred to the 
earlier work [21] for further details. 

3. 2 Ogive Contours and Pressure Distributions 

The actual and theoretical contours of the 0. 210-inch quarter- 
caliber ogive are shown on figure 3. 15. This plot is typical for all of 
the ogives tested; i. e. , the machined contours coincided almost per- 
fectly with the theoretical contours. The actual contours were verified 
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AXIAL COORDINATE, cm 



Figure 3. 15 Contour of the quarter -caliber rounded nose of the 
0. 21 0-inch ogive. 
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VERTICAL COORDINATE, 







by using an optical comparator (shadowgraph) with 31. 25 X magnification. 
The theoretical noncavitating pressure profiles for these ogives, with and 
without bounding walls, are shown on figure 3. 16; experimental data from 
this study are also plotted for comparison. The theoretical pressure 
profiles were computed using existing computer programs [23, 24]. 

Figure 3. 16 indicates good agreement between experimental and calculate 
data upstream of the third pressure tap, P . Further downstream, the 
experimental data lie below the theoretical curve, suggesting that pres- 
sure recovery in the belled diffuser is less efficient than indicated by 
the idealized computations. 

The calculated data on figure 3. 16 are for the cases of 1) an 
infinite flow field (without tunnel [24] ), 2) a constant-diameter cylindrical 
passage with 9. 5 percent tunnel blockage (without diffuser), and 3) the 
9. 5 percent tunnel blockage ogive -tunnel configuration selected for this 
study (with diffuser). Figure 3. 16 indicates that the minimum pressure 
point occurs at about 74 degrees of arc, measured from the stagnation 
point of the ogive. This minimum pressure location is indicated on the 
contour shown on figure 3. 15. The value of 74 degrees corresponds 
favorably with the pressure coefficient data developed by Rouse and 
McNown [25], for cylindrical bodies with quarter-caliber rounded heads. 
Note from figure 3.16 that tunnel bounding wall configurations have negli- 
gible influence on the location of the minimum pressure point; however, 

the tunnel configuration does influence the minimum pressure coefficient, 
V 

C , and the shape of the C curve downstream of the minimum pres sure 
P P 

point. 

It is comforting to note that the tunnel blockage correction factor, 
normally applied to pressure coefficients and cavitation numbers, agrees 
well with the calculated data shown on figure 3. 16. This tunnel blockage 
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correction factor [21] is simply j 1 - (D^/D^) j- . For our ogives 

(D /D ) 2 ~ 0. 095 and C = -1. 47 for 9. 5 percent constant tunnel 
mo p 

blockage, see figure 3. 16. Correcting for tunnel blockage, we estimate 

v 2 

that C for an unbounded ogive is (1 - 0. 095) (-1. 47) = - 1. 20, in good 

P 

agreement with the computerized solution plotted on figure 3. 16. The 

v 

bell-contour diffuser produces a minimum pressure coefficient (C = -1. 38) 

v P 

intermediate to the unbounded (C = -1. 21) and constant-diameter 
v P 

bounded (C = -1. 47) ogives, as would be expected. 

P 


4. DATA ANALYSIS 


The desinent (incipient) and developed cavitation data, for liquid 
hydrogen and liquid nitrogen, are given in complete detail in appendix A. 
These tabulated data are given in English and metric units and no attempt 
has been made to separate the desinent and developed cavity data; how- 
ever, the desinent (or incipient) cavity data are clearly marked by the 
attachment of asterisks to the run numbers. The desinent and developed 
cavity data are correlated and discussed separately in this section. 

4. 1 Correlation of Desinent Cavitation Data 
With the blow-down facility used in this experimental study, it was 
impossible to maintain a constant fluid temperature while varying the 
inlet velocities and pressures to obtain desinent cavities. Consequently, 
it was necessary to develop a mathematical technique for correlating the 
desinent data. This was accomplished by using a least-squares surface- 
fitting computer program. Once an equation is obtained, to fit the experi- 
mental surface (P , V , T coordinates), the conventional isotherm data 

o o o 

for desinence are readily calculated. Complete details concerning this 
correlating technique, and the computer program, are given in appendix 
C of reference [21], Polynomial expressions were derived to correlate 
the desinent hydrogen and nitrogen data for each of the three ogives. 
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These expressions were used to compute the desinent data presented 
in tables 4. 1 to 4. 6. These same data are plotted on figures 4. 1 to 
4. 12. The algebraic expressions used to correlate the desinent data 
for the individual ogives are as follows: 


Hydrogen (0. 21 0-inch ogive); P = 0.08720 V 

o o 

-2. 29920 T + 0. 00028 V 2 + 0. 06500 T 2 . 

o o o 


(4-1) 


Hydrogen (0. 357-inch ogive); P = 0. 01427 V 

o o 

-1. 80390 T + 0. 00067 V 2 + 0. 05525 T 2 , 
o o o 


(4-2) 


Hydrogen (0. 420-inch ogive); P = -4. 29106 T 

o o 


+ 0. 75224 V - 0. 01529 TV +0. 11418 T , 
o o o o 


(4-3) 


Nitrogen (0. 210-inch ogive); P = -0. 02306 V 

o o 

+ 1.96230 T + 0. 00634 V 2 - 0. 03268 T 2 + 0. 0001393 T 3 (4-4) 
o o o o ' 


Nitrogen (0. 357-inch ogive); P = -1. 31363 T 

o o 

+ 0.98429 V - 0. 00778 T V + 0. 01022 T 2 + 0. 00802 V 2 (4-5) 

o O o O o 9 


Nitrogen (0. 420-inch ogive); P = 0. 39412 V 

o o 

+ 2. 14806 T + 0. 00168 V 2 - 0. 03482 T 2 + 0. 0001418 T 3 . (4-6) 
° o o o 
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Table 4. 1 Temperature-compensated desinent data 
(Hydrogen: 0.210-inch (0. 533 cm) ogive). 


TO 

VO 

PO 

KIV 

PO 

VO 

TO 

DEG R 

FT/SEC 

PSIA 


N/CM/CM 

M/SEC 

DEG K 


37*50 

120.0 

19.69 

0 #35 

13.58 

36.6 

20.83 

37*50 

140.0 

22.89 

0.60 

15.79 

42.7 

20.83 

37.50 

160.0 

26.32 

0.74 

18.15 

48.8 

20.83 

37*50 

180.0 

29.97 

0.83 

20.67 

54.9 

20.83 

37.50 

200.0 

33.85 

0.87 

23.34 

61*0 

20.83 

37*50 

220.0 

37.95 

0*90 

26.17 

67.1 

20.83 

37.50 

240.0 

42.28 

0.91 

29.15 

73.2 

20.83 

37.50 

260.0 

46.83 

0.92 

32.29 

79.2 

20.83 


39.50 

140.0 

28.31 

0.54 

19.52 

42.7 

21.94 

39.50 

160.0 

31.73 

0.70 

21.88 

48.8 

21.94 

39.50 

180.0 

35.39 

0.80 

24.40 

54.9 

21.94 

39.50 

200.0 

39.26 

0.86 

27.07 

61.0 

21.94 

39.50 

220.0 

43.36 

0.89 

29.90 

67.1 

21.94 

39.50 

240.0 

47.69 

0.91 

32.88 

73.2 

21.94 

39.50 

260.0 

52.24 

0.92 

36.02 

79.2 

21.94 


41.50 

160.0 

37.67 

0*59 

25.97 

48*8 

23.06 

41.50 

180.0 

41.32 

0.71 

28.49 

54.9 

23.06 

41.50 

200.0 

45.19 

0.79 

31.16 

61.0 

23.06 

41.50 

220.0 

49.29 

0*84 

33.99 

67.1 

23.06 

41.50 

240.0 

53.62 

0*87 

36.97 

73.2 

23*06 

41.50 

260.0 

58.17 

0.89 

40.11 

79.2 

23.06 
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Table 4. 2 Temperature -compensated desinent data 
(Hydrogen: 0. 357-inch (0. 907 cm) ogive) # 


TO 

VO 

PO 

KIV 

PO 

VO 

TO 

DEG R 

FT/SEC 

PSIA 


N/CM/CM 

M/SEC 

DEG K 


37.00 

110.0 

18.52 

0.44 

12.77 

33.5 

20.56 

37.00 

130.0 

22.00 

0*75 

15.17 

39.6 

20.56 

37.00 

130.0 

26.02 

0.94 

17.94 

45.7 

20.56 

37.00 

170.0 

30.56 

1.06 

21.07 

51.8 

20.56 

37.00 

190.0 

35.64 

1.14 

24.57 

57.9 

20.56 

37.00 

210.0 

41.26 

1.20 

28.44 

64.0 

20.56 

37.00 

230.0 

47.40 

1.25 

32.68 

70.1 

20.56 


39.00 

130.0 

26.79 

0.64 

18.47 

39.6 

21.67 

39.00 

150.0 

30.81 

0.87 

21.24 

45.7 

21.67 

39.00 

170.0 

35.35 

1.01 

24.38 

51.8 

21.67 

39.00 

190.0 

40.43 

1.11 

27.88 

57.9 

21.67 

39.00 

210.0 

46.05 

1.18 

31.75 

64.0 

21.67 

39.00 

230.0 

52.19 

1.23 

35.98 

70.1 

21.67 


41.00 

130.0 

32.02 

0.42 

22.08 

39.6 

22.78 

41.00 

150.0 

36.04 

0.70 

24.85 

45.7 

22.78 

41.00 

170.0 

40.59 

0.89 

27.98 

51.8 

22.78 

41.00 

190.0 

45.67 

1.02 

31.49 

57.9 

22.78 

41.00 

210.0 

51.28 

1.11 

35.35 

64.0 

22.78 

41.00 

230.0 

57.42 

1.18 

39.59 

70.1 

22.78 
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Table 4. 3 Temperature-compensated desinent data 
(Hydrogen: 0, 420-inch (1, 067 cm) ogive). 


TO 

DEG R 


37.50 

37.50 

37.50 

37.50 

37.50 

37.50 


39.25 

39.25 

39.25 

39.25 

39.25 

39.25 


41.00 

41.00 

41.00 

41.00 

41.00 

41.00 


VO 

P0 

KIV 

PO 

VO 

TO 

FT/SEC 

PSIA 


N/CM/CM 

M/SEC 

DEG K 

110.0 

19.32 

0.35 

13.32 

33.5 

20.83 

120.0 

21.11 

0.56 

14.55 

36.6 

20.83 

130.0 

22.90 

0.70 

15.79 

39. h 

20.83 

14U.0 

24.68 

0.80 

17.02 

42.7 

20.83 

150.0 

26.47 

0.86 

18.25 

45.7 

20.83 

160.0 

28.26 

0.90 

19.49 

48.8 

20.83 


110.0 

24.20 

0.30 

16.69 

33.5 

21 1 

81 

120.0 

25.72 

0*48 

17.74 

36.6 

2 1 

>81 

130.0 

27.24 

0.60 

18.78 

39.6 

2 1 

>81 

140.0 

28.76 

0 #68 

19.83 

42.7 

21. 

>81 

150.0 

30.29 

0.74 

20.88 

45.7 

2 1 4 

>81 

160.0 

31.81 

0.78 

21.93 

48.8 

21. 

>81 


110.0 

29.79 

0.18 

20.54 

33.5 

22.78 

120.0 

31.04 

0.34 

21.40 

36.6 

22.78 

130.0 

32.29 

0.45 

22.26 

39.6 

22.78 

140.0 

33.54 

0.53 

23.13 

42.7 

22.78 

150.0 

34.80 

0.58 

23.99 

45.7 

22.78 

160.0 

36.05 

0.62 

24.86 

48.8 

22.78 
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Table 4. 4 Temperature-compensated desinent data 
(Nitrogen: 0.210-inch (0. 533 cm) ogive). 


TO VO PO 
DEG R FT/SEC PSIA 

141.00 30.0 22.56 

141.00 40.0 26.77 

141.00 50.0 32.24 

141.00 60.0 38.99 

141.00 70.0 46.99 

141.00 80.0 56.27 

141.00 90.0 66.82 

151.00 30.0 35.89 

151.00 40.0 40.10 

151.00 50.0 45.57 

151.00 60.0 52.31 

151.00 70.0 60.32 

151.00 80.0 69.60 

151.00 90.0 80.15 

161.00 30.0 55.31 

161.00 40.0 59.51 

161.00 50.0 64.99 

161.00 60.0 71.73 

161.00 70.0 79.74 

161.00 80.0 89.02 

161.00 90.0 99.56 

166.00 40.0 71.76 

166.00 50.0 77.24 

166.00 60.0 83.98 

166.00 70.0 91.99 

166.00 80.0 101.27 


KIV PO VO 

N/CM/CM M/SEC 

1.26 15.56 9.1 

1.19 18.46 12.2 

1.17 22.23 15.2 

1.16 26.88 18.3 

1.15 32.40 21.3 

1.15 38.80 24.4 

1.15 46.07 27.4 

1.31 24.75 9.1 

1.24 27.65 12.2 

1.21 31.42 15.2 

1.20 36.07 18.3 

1.19 41.59 21.3 

1.19 47.99 24.4 

1.19 55.26 27.4 

1.23 38.13 9.1 

1.21 41.03 12.2 

1.21 44.81 15.2 

1.21 49.46 18.3 

1.21 54.98 21.3 

1.22 61.37 24.4 

1.22 68.64 27.4 

1.13 49.48 12.2 

1.16 53.25 15.2 

1.19 57.90 18.3 

1.20 63.42 21.3 

1.21 69.82 24.4 
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1 I 


TO 

DEG K 


78.33 

78.33 

78.33 

78.33 

78.33 

78.33 

78.33 


83.89 

83.89 

83.89 

83.89 

83.89 

83.89 

83.89 


89.44 

89.44 

89.44 

89.44 

89.44 

89.44 

89.44 


92.22 

92.22 

92.22 

92.22 

92.22 



Table 4. 5 Temperature-compensated desinent data 
(Nitrogen: 0. 357-inch (0.907 cm) ogive). 


TO 

0E6 R 

VO 

FT/SEC 

PO 

PSIA 

KIV 

PO 

n/cm/cm 

VO 

M/SEC 

TO 

DEG K 

140.00 

140.00 

140.00 

140.00 

140.00 

140.00 

140.00 

25.0 
35*0 

45.0 

55.0 

65.0 

75.0 

85.0 

18.83 

22.59 

27.97 

34.94 

43.52 

53.71 

65.49 

1.00 

1.08 

1.14 

1.19 

1.22 

1.25 

1.28 

12.98 

15.58 

19.28 

24.09 

30.01 

37.03 

45.16 

7# 6 

10.7 

13.7 

16.8 

19.8 

22.9 

25.9 

77.78 

77.78 

77.78 

77.78 

77.78 

77.78 

77.78 

150.00 

150.00 

150.00 

150.00 

150.00 

150.00 

35.0 

45.0 

55.0 

65.0 

75.0 

85.0 

36.38 

40.97 
47.17 

54.97 

64.38 

75.39 

1.28 

1.21 

1.20 

1.21 

1.23 

1.24 

25.08 

28.25 

32.52 

37.90 

44.39 

51.98 

10.7 

13.7 

16.8 

19.8 

22.9 

25.9 

83.33 

83.33 

83.33 

83.33 

83.33 

83.33 

160.00 

160.00 

160.00 

160.00 

160.00 

160.00 

35.0 

45.0 

55.0 

65.0 

75.0 

85.0 

52.20 

56.02 

61.44 

68.47 

77.09 

87.33 

0.78 

0.84 

0.92 

0.98 

1.04 

1.09 

35.99 

38.62 

42.36 

47.21 
53.15 

60.21 

10.7 

13.7 

16.8 

19.8 

22.9 

25.9 

88.89 

88.89 

88.89 

88.89 

88.89 

88.89 
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a A 


Table 4. 6 Temperature-compensated desinent data 
(Nitrogen: 0. 420-inch (1. 067 cm) ogive). 


TO VO PO 

DEG R FT/SEC PSIA 


140.00 25.0 18.11 

140.00 30.0 20.55 

140.00 35.0 23.06 

140.00 40.0 25.66 

140.00 45.0 28.34 

140.00 50.0 31.11 

140.00 55.0 33.96 

140.00 60.0 36.90 

140.00 65.0 39.92 

140.00 70.0 43.02 

150.00 35.0 33.01 

150.00 40.0 35.61 

150.00 45.0 38.29 

150.00 50.0 41.06 

150.00 55.0 43.91 

150.00 60.0 46.85 

150.00 65.0 49.87 

150.00 70.0 52.97 


160.50 40.0 52.31 

160.50 45.0 54.99 

160.50 50.0 57.76 

160.50 55.0 60.61 

160.50 60.0 63.55 

160.50 65.0 66.57 

160.50 70.0 69.67 


165.50 45.0 65.47 

165.50 50.0 68.24 

165.50 55.0 71.09 

165.50 60.0 74.03 

165.50 65.0 77.05 

165.50 70.0 80.15 


KIV 

PO 

VO 


N/CM/CM 

M/SEC 


0.79 

12.49 

7.6 

1.05 

14.17 

9.1 

1.15 

15.90 

10.7 

1.18 

17.69 

12.2 

1.18 

19.54 

13.7 

1.16 

21.45 

15.2 

1.13 

23.42 

16.8 

1.10 

25.44 

18.3 

1.07 

27.52 

19.8 

1.04 

29.66 

21.3 


0.76 

22.76 

10.7 

0.89 

24.55 

12.2 

0.96 

26.40 

13.7 

0.99 

28.31 

15.2 

0.99 

30.28 

16.8 

0.99 

32.30 

18.3 

0.98 

34.38 

19.8 

0.97 

36.52 

21.3 


0.46 

36 • 07 

12.2 

0.63 

37.92 

13.7 

0.73 

39.82 

15.2 

0.79 

41.79 

16.8 

0.82 

43.81 

18.3 

0.84 

45.90 

19.8 

0*85 

48.03 

21.3 


0.40 

45.14 

13.7 

0.55 

47.05 

15.2 

0.65 

49.02 

16.8 

0.71 

51.04 

18.3 

0.75 

53.12 

19.8 

0.77 

55.26 

21.3 
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TO 

DEG K 


77.78 

77.78 

77.78 

77.78 

77.78 

77.78 

77.78 

77.78 

77.78 

77.78 


83.33 

83.33 

83.33 

83.33 

83.33 

83.33 

83.33 

83.33 


89.17 

89.17 

89.17 

89.17 

89.17 

89.17 

89.17 


91.94 

91.94 

91.94 

91.94 

91.94 

91.94 
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Figure 4. 2 Effects of tunnel inlet velocity and liquid temperature 
on required inlet pressure for desinent cavitation in 
liquid hydrogen- -0. 357-inch ogive: (T) = P @ 37 R; 
(D = P @ 39R; (3) = P @ 41 R. v 
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Figure 4. 6 Desinent cavitation parameter for liquid hydrogen as a 
function of tunnel inlet velocity and liquid temperature -- 
0, 42 0 -inch ogive. 
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NITROGEN -0.2IOin (0.533cm) Ogive 


Figure 4. 7 Effects of tunnel inlet velocity and liquid temperature on 
required inlet pressure for desinent cavitation in liquid 
nitrogen--0. 210-inch ogive: (T) = P @ 141 R; 

© = P @ 151 R; © = P @ 161 R; V ® - P @166 R. 
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Figure 4. 8 Effects of tunnel inlet velocity and liquid temperature on 
required inlet pressure for desinent cavitation in liquid 
nitrogen-- 0. 357-inch ogive; 0 = F @ 140 R; 

© = P v @ 150 R; © = P @ 160 R. v 
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Figure 4. 9 Effects of tunnel inlet velocity and liquid temperature on 
required inlet pressure for desinent cavitation in liquid 
nitrogen--0. 420-inch ogive; (T) = P @ 140 R; 

(D = P v @ 150 R; 0 = P v @ 160. 5^; @ = p @ 165. 5 R. 










Figure 4. 1 0 


Desinent cavitation parameter for liquid nitrogen as a 
function of tunnel inlet velocity and liquid temperature - 
0, 210-inch ogive. 




Figure 4. 1 1 Desinent cavitation parameter for liquid nitrogen as a 
function of tunnel inlet velocity and liquid temperature 
0. 3 57 -inch ogive. 
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Figure 4. 12 Desinent cavitation parameter for liquid nitrogen as a 

function of tunnel inlet velocity and liquid temperature-- 
0, 420-inch ogive. 
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In the foregoing expressions, the units of P , V , and T are psia, 

o o o 

ft/s,and degrees Rankine, respectively. 

The experimental values of K are tabulated under the heading, 

KV, in appendix A, along with the experimental values of K for developed 
cavities. The K parameter as given in appendix A, and used herein, 
is not corrected for tunnel blockage. Multiplying K. by the square of 
the appropriate area ratio, A^ /A^, corrects for tunnel blockage, i. e. , 

2 

corrected = (Experimental K. ) (A^/A^) , (4-7) 

where A = blocked cross sectional flow area and A = unblocked (inlet) 

A La 

cross sectional flow area. This correction factor evolves from considera- 

v 

tion of steady volumetric flow, C , and Bernoulli's equation, and is 

P 

derived in detail elsewhere [26, 27]. This correction factor assures 

that the minimum static pressure is the same for blocked and unblocked 

flows, when the freestream static pressures are identical. Thus, tunnel 

constraint is easily accounted for, so that the results of this study may 

be readily compared with other experimental data. For the quarter- 

caliber ogives, the correction factor has a numerical value of 0. 82. 

4. 2 Discussion of Desinent Cavitation Data 

Figures 4. 1 to 4. 3 are conventional P , V , T plots for hydrogen 

o o o ° 

test fluid, i. e. , P increases with increasing V and T in a conventional 

o ° o o 

manner. The incipient (desinent) cavitation parameter, K. , for hydro- 
gen also behaves in a conventional manner, see figures 4. 4 to 4. 6. On 
all of these figures, the boundaries of the experimental data are indicated 
by the solid lines, i. e. , the broken-line curves are extrapolations of the 
experimental data. Mathematical extrapolation, by correlative expres- 
sions, of experimentally-determined surfaces is rather risky; therefore, 
the broken-line extrapolations must be used with great caution. Only 
within the boundaries of the experimental data are the mathematically 
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derived data- -as presented in tables 4.1 to 4.6 and on figures 4.1 to 
4. 1 2- - considered totally valid. 

Due to test facility limitations it was impossible to obtain desinent 
hydrogen data at very low values of with the 0. 210-inch ogive, and at 
very high values of V q with the 0.420-inch ogive. Flow control insta- 
bilities were experienced with the smaller body only at the lowest veloci- 
ties and test duration was too short with the larger body only at the highest 
velocities. Referring to figures 4.4 and 4.6, we see that the inlet 
velocities for the 0. 210-inch and the 0. 420-inch ogives barely overlap, 
except for the 37. 5 R isotherm; however, use of the 0. 357-inch ogive 
data, figure 4. 5, permits a reasonably good comparison of 
data with both the 0. 210-inch and the 0. 420-inch ogives. 

Similar comments may be made about the nitrogen data shown on 
figures 4. 7 to 4. 12, except that the K data on figures 4. 10 and 4. 1 1 do 
not consistently show conventional temperature dependency. Similar 
nitrogen K. data were obtained with the hydrofoil [21] and were attributed 
to 1) a relatively weak temperature dependence with nitrogen fluid, 

2) amplification of instrument error in the K parameter, and 3) mathe- 
matical correlation of the experimental data. Nonconventional behavior 
of the hydrogen data was not encountered because of a stronger tem- 
perature dependence and lower instrument error [21]. 

The ogive desinent cavity data are quite similar to the data obtained 
for the venturi [20] and hydrofoil [21]. For those two bodies, the hydro- 
gen and nitrogen data tended toward a single -valued K^, for each fluid, 
at the maximum velocities. The ogive data presented herein display 
similar tendencies. The water data of Rouse and McNown [2 5] indicate 
a maximum value of 1. 3 for quarter-caliber ogives. To compare 

these data with our data, we must first multiply our K. data by 0. 82 
to correct for tunnel blockage. The maximum value of K.^ on figures 
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4. 4 to 4. 6 and 4. 10 to 4. 12 does not exceed 1. 3; therefore, it is apparent 
that our K data is at least 20 percent lower than that of Rouse and 
McNown. Similar results were noted upon comparison [21] of our hydro- 
foil and venturi data with the data of others for non-cryogenic fluids. 
Thus, as previously concluded [21], it is apparent that these cryogens 
require less subcooling- -relative to higher boiling-point liquids- -for 
desinent cavitation to occur. 

The data plotted on figures 4. 1 to 4. 12 were derived to represent 
the experimental data at the nominal experimental isotherms (for each 
ogive). In order to compare the desinent data for the scaled ogives, we 
must derive K.^ ~ " T^ data at identical isotherms. Using the expres- 

sions given in eqs (4-1) to (4-6), the data plotted on figures 4. 13 to 
4. 16 were generated. These graphs provide a direct comparison of 
ogive size effect at a specified fluid temperature. 

Referring to figure 4. 13, we note thgit K for the 0. 210-inch ogive 

is generally lower than K for the larger ogives at the lower values of 

V in hydrogen; however, at the highest values of V this trend is 
u o 

reversed for the 0. 210-inch and 0. 420-inch ogives. These hydrogen data 
indicate that for the 0 # 357 -inch ogive is consistently larger than 
K iv f ° r the 0 • 210-inch and 0.420-inch ogives. Interpretation of these data 
could imply that the 0.357-inch ogive has a less streamlined contour and 
consequently a higher K.^. Such is not the case, because all three ogives 
were carefully machined to fabrication tolerances as verified by measure- 
ments. Also, the K_ v data for nitrogen behave differently, see figure 4.15 

With nitrogen, the K for the 0.210-inch ogive is larger than K. 

1 v i v 

for the 0 . 420-inch ogive. The K.^ data for the two smaller ogives do 

not differ much at the lower temperatures but vary appreciably at the 

highest temperature (T q = 160 R) . From figure 4.15, it appears that 
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Figure 4. 1 3 Desinent cavitation parameter for liquid hydrogen as a 

function of V , T , and D . 

o o m 
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v 0 (ft/ s) 

Figure 4. 1 5 Desinent cavitation parameter for liquid nitrogen as a 

function of V , T , and D . 

o o m 
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Figure 4. 16 Desinent cavitation parameter for liquid nitrogen as a 
function of (We )0. 5, Tq and D m . 
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size effect is more pronounced at the higher nitrogen temperatures. No 
such effect is apparent in the hydrogen data shown on figure 4. 13. For 
the nitrogen data, it appears that generally decreases with increasing 
size. No such conclusion can yet be drawn from the hydrogen data. 

To shed some light on this topic, a desinent data correlating tech- 
nique was sought. An attempt was made to use the method suggested by 

0 5 

Parkin and H oil [26]. This technique employs a - (We) ’ plot, where 

(We) * is the essential part of the Weber number. ( We)^‘ ^ = V */( p D ) /a 

o rn 

is plotted against K. on figures 4. 14 and 4. 16. Because p /a does not 

IV o 

vary much in the hydrogen or nitrogen tests (less than 30 percent) the 
(We) * parameter reduces to %v Q \ D m • Then the data, for the larger 
ogives, on figure 4.13 are merely shifted to the right of the 0.210-inch 
ogive data on figure 4. 14 without any substantial change in the shapes of 
the curves. Similar comments apply to the nitrogen data on figures 4.15 
and 4.16. Considering only the 0 . 210-inch and 0.420-inch ogive data on 
figure 4. 14, we would conclude that decreases slightly with increasing 
size--a result consistent with the nitrogen K. data. This result is in 

IV 

direct contrast with those found by Parkin and Holl [26] for 0. 5 -caliber 

and 1.5-caliber ogives tested in water. Therefore, the K - V a/D 

iv o ^ m 

plot improved the Parkin-Holl scaled-model data [26], but is of little or no 
value for our data. 

The apparent inconsistency of the hydrogen K data, as shown on 

iv 

figures 4.13 and 4.14, may be partially explained by the following obser- 
vations. Recall 1) that the experimental data are mathematically extrapo- 
lated in the regions where the dashed-line curves appear on these figures, 

2) that extrapolation of experimental data in this fashion [21] is risky 
and, 3) that the highest velocity data for the 0.420-inch ogive may reflect 
slight additional imprecision due to shorter available test duration. 
Re-examining figure 4.13, with this background information, reveals 
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that the 0.357-inch and 0.420-inch ogive experimental data (solid-line 

curves) do not differ appreciably. Also, the K data (solid-line curves) 

for the 0.210-inch ogive lie well below those for the two larger ogives- - 

a result consistent with those of Parkin and Holl [26]. This result is also 

consistent with physical reasoning that the larger bodies should cavitate 

more readily, thereby identifying with larger values of K . While this 

iv 

argument establishes the credibility of the hydrogen K. dat^, it does not 

explain why the hydrogen and nitrogen data display slightly different size 

effects. As previously explained, the latter is partially attributable to 

amplification of instrument error in K. and mathematical correlation 

iv 

of the experimental data. 

Considering only the solid- curve data on figures 4.13 and 4.15, 
we conclude that 1) the hydrogen K. increases with increasing ogive 
size and 2) the nitrogen K decreases with increasing ogive size. Also, 
perusal of figures 4. 14 and 4.16 reveals that the Weber parameter 
1) over compensates for size effects with these hydrogen data and 2) has 
little effect on the apparent size dependency of the nitrogen data. Be- 
cause there are more high quality hydrogen data for the 0. 210-inch and 
0.357-inch ogives, than for the 0.420-inch ogive, the size trends re- 
flected by the two smaller ogives in figure 4. 13 are favored. 

Comparison of the Parkin and Holl water data [26] for 0.5- caliber 
ogives with the data presented herein reveals some interesting trends. 

As previously explained, the size effects with water and hydrogen are 
similar but with water and nitrogen they are directly opposed; however, 

K. tends to increase with decreasing V , at the lower values of V , for 
some of the water and nitrogen data. None of the hydrogen data exhibit 

this latter characteristic. Similar trends in K. - V data were observed 

iv o 

in our hydrofoil-nitrogen data [21]. This effect was most pronounced for 
the smaller ogives (< 0.50 inch dia.) in the water data [26]. 
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It was suggested [26] that use of (We) may account for tempera- 
ture effects in desinent cavity data, while correlating size effects. Our 

data, figures 4.14 and 4.16, indicate that temperature effects still 

0 . 5 

prevail in the K - (We) ’ plots. It appears as though a more universal 
correlating parameter is needed for desinent cavity data. This parameter 
should simultaneously account for the effects of fluid velocity, tempera- 
ture and size. This criteria suggests use of the Reynolds number 

(R- e = P V D /M- ) — a parameter of limited value in the data correlated 
o o m 

by Parkin and Holl [26], Use of the Reynolds number would not improve 
the correlation of our data because we would merely be replacing V or 
V V D . in figures 4.13 to 4.16, with V D . Such a simple substitu- 
tion results because P Q /^ does not vary by more than 35 percent in any 
of our data; consequently, the V^D^ product dominates the magnitude 
of the Reynolds number. Use of the Reynolds number would effectively 
shift the curves, for the larger diameter ogives, farther to the right 
in figures 4.14 and 4.16. Because desinent cavity data are of limited 
interest, relative to developed cavity data, no further effort was expended 
in this direction. 

4.3 Correlation of Developed Cavitation Data 
The existence of thermodynamic equilibrium within developed 
cavities was verified by direct measurement of pressure and temperature 
within the vaporous cavities. Also, fully developed cavity data are 
correlated [20] by using these experimental values of cavity pressure and 
temperature to obtain cavity pressure depressions. The pressure depres- 
sion in the cavitated region is determined by subtracting the measured 
cavity pressure, in one case, and the saturation pressure associated 
with the measured cavity temperature, in the other case, from the vapor 
pressure of the liquid entering the test section. In the hydrogen data 
reported here, the measured cavity pressure, P , was less than 
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2 

bulkstream vapor pressure by as much as 13.77 psi (9 . 50 N/ cm ); 
these pressure-depressions are obtained by subtracting from P 

in the tabulated data of appendix A. For the nitrogen data, P exceeded 

2 V 

P^ by as much as 12.89 psi (8.89 N/cm ). 

Typical profiles of measured pressure depression, for liquid 
hydrogen, are given on figures 4. 17 to 4.21; similar profiles, for 
liquid nitrogen, are plotted on figures 4.22 to 4. 26. Similar plots for 
the venturi and hydrofoil were presented in previous reports [20, 21]. 
From most of these figures, it can be observed that, within data accuracy, 
stable thermodynamic equilibrium exists throughout the vaporous cavity. 
This topic is discussed in greater detail in section 4.4 of this report. 
Temperature derived data (P - P^ ^,) are not shown on figures 4.17 and 
4. 20- -temperature data were omitted on these graphs because cavity 
temperature measurements were not obtained at the higher velocities 
with the 0.420-inch ogive. The time interval, during high velocity liquid 
hydrogen tests with the 0.420-inch ogive, was too short to obtain steady 
state cavity temperature data; therefore, cavity temperature data for 
these conditions are not reported for the 0.420-inch ogive. Thus, to 
avoid confusion, all cavity temperature data are omitted from these two 
graphs. In appendices A- 6a and A- 6b- -tabulated hydrogen data for the 
0.420-inch ogive--the cavity temperature data, T^ through T^, are 
held constant at T^ for these higher velocity tests. In this way the 
reader is instantly alerted that no cavity temperature data were acquired 
for these specific tests. No such difficulties were encountered with liquid 
nitrogen and all of the tabulated nitrogen data include cavity tempera- 
ture data. 

It should also be noted that some of the values of P., tabulated in 

4 

appendix A, are in error. The P^ data help establish the vaporous cavity 
pressure profile, but are not directly used to correlate the developed 
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Figure 4. 17 Pressure depressions within cavities in liquid hydrogen. 
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Figure 4. 18 Pressure and temperature depressions within cavities in 
liquid hydrogen. 
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Figure 4. 19 Pressure and temperature depressions within cavities in 
liquid hydrogen. 
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Figure 4. 20 Pressure depressions within cavities in liquid hydrogen, 
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Figure 4.21 Pressure and temperature depressions within cavities 
in liquid hydrogen. 
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Figure 4.22 Pressure and temperature depressions within cavities 
in liquid nitrogen. 
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Figure 4. 23 Pressure and temperature depressions within cavities 
in liquid nitrogen. 
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Figure 4.24 Pressure and temperature depressions within cavities 
in liquid nitrogen. 
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Figure 4.26 Pressure and temperature depressions within cavities 
in liquid nitrogen. 
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cavity data; thus, the erroneous values of have no effect on correla- 
tion of our developed cavity data. The developed cavity data are 
correlated using the minimum measured cavity pressure, (or P^). 
Thus, an erroneous P^ merely distorts the 'pressure-depression' 
profile and complicates estimation of the instrumented cavity length- -a 
minor inconvenience as revealed in the next paragraph. The erroneous 
data are restricted to the 0.357-inch ogive and Run number series 302 
to 371. These P^ data are in error because of a leak in the P^ pressure 
transmitting tubing within the sting assembly. After careful analysis 
of the 0.357-inch ogive data, this leak was discovered and corrected 
and tests on the 0.357-inch ogive were repeated. The latter series of 
tests are recorded in appendix A as Run numbers 507 to 564. The 
pressure tubing leak caused P^ to appear too high, resulting in a lower 
pressure depression at station 4, see figures 4. 17, 4. 19, and 4. 20. 
Because the measurement of P^ has no direct bearing on the correla- 
tion of developed cavity data, or desinent data, all of the data in Run 
series 302 to 371 were retained and tabulated in appendix A- -thereby 
strengthening the statistical validity of the ogive data. 

As indicated in previous reports [20, 21], the instrumented 
(actual) cavity length is estimated by extrapolating the pressure de- 
pression data to zero pressure depression. The actual length of the 
cavity, and the visual (as observed on film) length, differ because of 
the irregular trailing edges of the cavity and the difficulty in judging the 
visual length. Both actual and visual cavity lengths were used to corre- 
late the data, and they produced essentially the same results. The visual 
cavity lengths, as tabulated in appendix A, were used in the final correla- 
tive data fits reported in tables 4.7 to 4.9. 
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The correlative expressions, developed in a previous report [21], 
were used to correlate the developed cavity data from this experiment. 
The two correlative equations are given as follows: 



(4-9). 


These expressions, along with the correlative technique developed by 
Gelder, et al. [19], the isentropic BFLASH theory [28], and two least- 
squares data-fitting computer programs [20] were used to correlate 
these ogive data. For convenience, we will refer to these correlative 
expressions as 'similarity' equations. The similarity equations are used 
to correlate developed cavitation data in similar test items, and to pre- 
dict the cavitation performance of a test item from fluid -to -fluid, and 
from one temperature to another, when limited test data from a single 
fluid are available. Size effects, for the ogives, are shown to be 
important. 

Complete and detailed descriptions of the correlative technique, 
computational steps, and computer programs are given in reference [20]. 
The correlative procedure, as previously described [20], can be followed 
directly when using eq (4-8). To use eq (4-9), simply substitute MTWO 
for V in the computer program. Briefly, this correlative procedure 
ensures that the B values calculated from eq (4-8), or eq (4-9), and the 
BFLASH values [28] for each data point, are as nearly identical as pos- 
sible; because both B values, at each data point, are evaluated from 
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Table 4. 7 Correlative results for developed cavity data using equation {4-8) --ogives. 


Line 

No. 


Ogive dia. 
(inches ) 


Fluids 


Expbnents* 


El 


E2 


E3 


E4 


E6 


Ref. 

Run 

No. 


Standard t 
Deviation in 
B-F actor 


0. 210 


0. 47 


-0. 75 


397B 


0. 21 59 


0. 412 


0 . 210 


-2. 48 


0 . 66 


0. 46 


429B 


0. 1633 


0. 419 


0. 357 


-0. 32 


-0. 28 


0. 43 


338B 


0. 1943 


0. 608 


0. 357 


-1. 08 


0. 10 


0. 28 


5 57E 


0 . 21 1 1 


0. 5 37 


0. 420 


-3. 94 


0 . 41 


0. 32 


469B 


0. 1670 


0. 420 


- 1 . 88 


0. 67 


0. 37 


4 50C 


0. 1878 


0. 525 


0 . 210 


h 2 k n 2 


0. 07 


0. 19 


-0. 97 


397B 


0. 357 


H 2 k N 2 


- 0 . 22 


-0. 03 


0. 2686 
0. 2198 


0. 415 


0. 568 


0. 420 


H a k N 2 


0 . 88 


0. 50 


0. 39 


-1. 05 


450C 


0. 2308 


0. 567 


10 


0. 210 k 0. 357 


- 0 . 21 


-0. 39 


0. 43 


397B 


0. 21 14 


0, 531 


1 1 


0. 210 & 0. 357 


-1. 90 


0. 23 


0. 29 


0. 61 


317B 


0. 2312 


0. 501 


12 


0. 357 k 0. 420 


-0. 92 


- 0 . 13 


0. 43 


0. 28 


515B 


0. 2126 


0. 617 


1 3 


0. 357 k 0. 420 


- 1 . 86 


0. 37 


0. 36 


1. 13 


450C 


0. 2402 


0. 5 32 


0. 210 k 0. 420 


-2. 83 


- 0 . 13 


0. 40 


0 . 14 


469B 


0. 2397 


0. 516 


15 | 0. 210 k 0. 420 


-2. 05 


0. 68 


0. 39 


0. 93 


4 50C 


0. 1821 


0. 485 


16 


0. 210 k 0. 357 
k 0. 420 


-0. 75 


- 0 . 22 


0. 4 3 


0 . 17 


515B 


0. 2239 


0. 557 


17 


0. 210 & 0. 357 
k 0.420 


-2. 08 


0 , 41 


0. 39 


0 . 88 


450C 


0. 2381 


0. 509 


18 


0. 210 k 0. 357 


H 2 k N 2 


-0. 30 


-0. 05 


0. 38 


0. 39 


338B 


0. 2491 


0. 516 


0. 357 k 0. 420 


H 2 k N 2 


0. 4 3 


0. 27 


0. 32 


-0. 90 


1. 08 


317B 


0. 2527 


0. 568 


20 


21 


0. 210 & 0. 420 


H a k n 2 


0. 210 k 0. 357 
k 0. 420 


H s k N 2 


0 . 88 

0. 32 


0. 50 


0. 40 


- 1 . 10 


0. 79 


450C 


0. 60 


338B 


0. 2597 


0. 2620 


3. 499 


0. 531 


B = B 


--- eq {4-8). 


Standard Deviation = B - B^) '"^""/('nPTS-I ) . where NPTS = number of data points {including 


ref" data point). 


- BFLASH and is computed from isentropic-flashing theory [28], and B is computed from eq (4-8). 




Table 4. 8 Correlative results for developed cavity data using equation (4-9 1 - -ogive s. 


Line 

No. 

Ogive dia. 
(inches) 

Fluids 

Exponents ** 

Ref. 

Run 

No. 

Standard + 
Deviation in 
B- F acto r 

K 

c , min 

El 

E2 

E 3 

E6 

1 

0. 210 

H a 

-0. 48 

0. 39 

0. 35 

— 

397B 

0. 26 38 

0. 412 

2 

0. 210 

n 2 

1. 14 

0. 51 

0. 35 

--- 

429 B 

0. 121 3 

0. 419 

3 

0. 357 

H a 

-0. 83 

-0. 03 

0. 44 

--- 

338B 

). 21 30 

0. 608 

4 

0. 357 

n 2 

-0. 53 

0. 18 

0. 2 3 


5 57 E 

0. 1974 

0. 537 

5 

0. 420 

H a 

-1. 41 

0. 53 

0. 22 

--- 

469 B 

0. 1274 

0. 6 32 

6 

0. 420 

n 2 

0. 74 

0. 55 

0. 30 

. 

450C 

0. 1538 

0. 525 

7 

0. 210 

H 2 & N 2 

-0. 28 

0. 41 

0. 34 


397 B 

0. 2129 

0. 41 5 

8 

0. 357 

H z & N a 

-0. 06 

0. 18 

0. 31 

___ 

3 38B 

0. 2094 

0. 568 

9 

0. 420 

H 2 k N a 

0. 05 

0. 55 

0. 29 

... 

450C 

0. 1694 

0. 567 

10 

0. 210 k 0. 357 

H s 

-0. 79 

0. 14 

0. 38 

0. 26 

397B 

0. 2347 

0. 531 

1 1 

0. 210 k 0. 357 

n 2 

-0. 45 

0. 36 

0. 23 

0. 67 

317B 

0. 2001 

0. 501 

12 

0. 357 k 0. 420 

h 2 

-0. 83 

0. 30 

0. 30 

0. 70 

5 1 5 B 

0. 2017 

0. 617 

13 

0. 357 k 0. 420 

n 2 

-0. 12 

0. 43 

0. 30 

0. 82 

450C 

0. 1994 

0. 532 

14 

0. 210 k 0. 420 

H a 

-1. 06 

0. 51 

0. 27 

0. 52 

469 B 

0. 2084 

0. 516 

15 

0. 210 k 0. 420 

n 2 

0. 84 

0. 52 

0. 31 

0. 69 

450C 

0. 1 37 5 

0. 485 

16 

0. 210 k 0. 357 
k 0. 420 

H 2 

-1. 07 

0. 27 

0. 31 

0. 42 

515B 

0. 2237 

0. 557 

17 

0. 210 k 0. 357 
k 0. 420 

N 2 

0. 10 

0. 43 

0. 31 

0. 71 

450C 

0. 190 3 

0. 509 

18 

0. 210 k 0. 357 

H a k n 2 

-0. 09 

0. 36 

0. 28 

0. 53 

338B 

0. 2228 

0. 516 

19 

0. 357 k 0. 420 

H 3 k N 2 

0. 01 

0. 39 

0. 23 

0. 87 

3 17 B 

0. 2081 

0. 568 

20 

if. 210 k 0. 420 

H 2 & N 2 

-0. 09 

0. 52 

0. 29 

0. 61 

450C 

0, 1915 

0. 499 

21 

0. 2 10 k 0. 357 
k 0. 420 

H 2 k N 2 

-0. 05 

0. 43 

0. 25 

0. 59 

338B 

0. 2126 

0. 531 


ref 




eq ( 4-9) . 


Standard Deviation = 


Viwl 


/(NPTS-1), where NPTS - number of data points {including "ref" data point), 


B t = BFLASH and is computed from isentropic-flashing theory [28], and B is computed from eq (4-9). 
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Table 4.9 Summary of correlative results for developed cavity data- -ogive s , hydrofoil, and venturi. 


I 
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Standard Deviation =W^(B-B|.) I /(NPTS-1), where NPTS = number of data points (including "ref” data point), 



experimental data, this correlative procedure produces the best possible 
agreement between experiment, the isentropic flashing theory [28], and 
the correlative expression--eq (4-8) or eq (4-9). This 'best-fit,' of 
the experimental data, is obtained by selecting appropriate exponents 
for each of the correlative parameters in the correlative expression-- 
eq (4-8) or eq (4-9). The exponent selecting process is quite complex 
and is treated in appropriate detail in reference [20]. Exponents for 
eq (4-8) and eq (4-9) were derived to evaluate the suitability of MTWO 
as a correlating parameter for the ogive data. Recall that the hydrofoil 
and venturi data correlations were significantly improved [21] by use of 
the MTWO parameter; similar improvement was obtained with the ogive 
data. 

In eq (4-8) and eq (4-9) the cavity lengths were evaluated at the 

visually observed lengths. B FLASH was obtained, for each experimental 
data point, as follows: 1) the average measured cavity pres sure depres- 

sion (P - P ), T and the calculation method outlined in reference [28] 
v 1 o 

were used, excepting the hydrogen data for the 0. 357-inch and 0. 420-inch 
ogives; 2) for the latter two batches of data we used P^ - P , T^, and the 
calculation method of reference [28]. The average minimum cavity pres- 
sure, = (Pj + P^ t )/ 2, was used for most of the ogive data because 
the temperature measurements are considered just as accurate as the 
pressure measurements; however, the pressure measurements are con- 
sidered slightly superior with the hydrogen data for the 0. 357-inch and 
0.420-inch ogives. The minimum cavity pressure, P^, was used in 
those specific cases because test duration was shorter and the response 
characteristics of the pressure sensors hold a slight advantage over 
those of the temperature sensors. 

In eq (4-8) and eq (4-9), the fluid physical properties are evaluated 

at P and T , with the exception that MTWO is evaluated at the minimum 
o o 
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measured cavity pressure Pj (or P ). The standard deviation in B is 
computed for each set of exponents; the individual exponents may be held 
constant or chosen by the computer . The standard deviation in B factor 
is minimized in the computer programs when one or more of the expo- 
nents is selected by the computer; the absolute minimum standard devia- 
tion is obtained when all of the exponents are selected by the computer- - 
as in this report. In those cases where the exponents are held constant 
the standard deviation cannot be minimized and is merely computed. The 
set of exponents that produces minimum standard deviation in B is selected 
as the best correlative solution for any particular batch of data; i.e., 
the standard deviation is a measure of the validity of the similarity and 
isentropic-flashing theories, as both are evaluated from experimental data. 

Because MTWO proved to be a valuable correlating parameter for 
the hydrofoil and venturi data [21], the ogive data were correlated with 
and without the MTWO parameter to further evaluate its influence. Cor- 
relating the ogive data with eq (4-8), and then eq (4-9), provides direct 
evaluation of MTWO as a correlating parameter--identical comparisons 
were prepared for the hydrofoil and venturi data [21]. Correlation of 
the ogive data, using eq (4-8), is summarized in table 4.7; similarly, 
table 4.8 was prepared using eq (4-9). Table 4.9 summarizes the 
correlative results for developed cavitation on all geometries (bodies) 
tested in this study, i.e., venturi, hydrofoil, and ogives. The results 
given in tables 4.7 to 4.9 are discussed in the following section of this 
report. 
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4.4 Discussion of Developed Cavitation Data 
4.4.1 Cavity Visualization and Appearance 

Photographs of fully developed vaporous cavities, in liquid hydro- 
gen, are shown on figures 3,6 to 3.8. Inlet velocity and liquid tempera- 
ture were observed to have very little effect on the appearance of cavi- 
tating hydrogen; i.e., the cavities were somewhat ragged but uniformly 
developed. Only at the highest temperature, and lowest velocities, 
did the hydrogen cavities exhibit a slightly porous, non-uniform 
character. Similar, though more pronounced, features were observed 
in the nitrogen cavities. If a cavity is sufficiently porous, i.e., if it 
visually resembles vapor streams, erratic developed cavity data may 
result. This occurs because the pressure and temperature sensing 
ports are not continuously covered with vapor during a test, but may be 
intermittently covered with vapor and then liquid. This results in 
non- steady data that are readily spotted*during data analysis and no 
such data are reported herein. 

The photographs in figures 3.6 to 3.8 indicate that the cavity pro- 
files are fairly smooth except in the vicinity of the belled diffusers. 
Figure 3.6 shows two long cavities with trailing clouds of condensing 
vapor s- - scribe lines on the plastic tunnel, used to detect cavity length, 
are visible in both of these photographs. Figure 3.7 shows hydrogen 
cavities on the 0.357-inch ogive in various stages of development. Two 
very interesting photographs are shown in the top half of figure 3.8-- 
these cavities were filmed in the rare act of tearing apart with the 
rear portion of the cavity collapsing. More typical photographs, 
for the 0.420-inch ogive, are shown in the bottom half of this figure. 
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By comparing figures 3.6, 3.7, and 3.8, it becomes apparent that 
cavity profile irregularities are accentuated with increasing size of 
the ogives. All of the photographs in these figures were acquired 
with a three microsecond stroboscopic flash exposure. Thus, these 
photographs are not representative of what one sees when viewing 
a test. At much slower exposure rates, that can be accommodated 
by the eye, the cavity profile irregularities are smeared into a nice 
smooth continuous elliptical shape. 

4.4.2 Graphical Display of Typical Developed Cavity Data 

In figures 4.17 to 4.26, the data points representing cavity pres- 
sure measurements have been connected with a smooth curve- -this 
facilitates comparison with the data points obtained from the cavity 
temperature measurements, where the latter are plotted. The pres- 
sure depressions obtained from the cavity temperature measurements 
are, for the most part, in good agreement with those derived from the 
measured pressures, i.e., within the allowances of instrument error, 
the cavity vapor is in stable thermodynamic equilibrium. Plots similar 
to figures 4.18 to 4.26, of all the ogive data, reveal that stable thermo- 
dynamic equilibrium exists within the cavity vapor- -within data accuracy. 
Similar results were obtained with the hydrofoil [21] while evidence 
of metastable vapor was presented in the venturi study [20]. 

In figures 4.18 to 4.26, the only significant differences in the 
measured pressure and temperature profiles occur near the trailing 
edges of the cavities. Similar characteristics were observed in the 
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hydrofoil and venturi studies. The trailing edges of a cavity are normally 
ix regular and are characterized by randomly- spaced clouds of con- 
densing vapor. It was previously shown [21] that it is inadvisable to 
attempt to interpret the cavity data in this ill-defined region. Also, an 
explanation was offered [21] for the apparent discrepancy, in pressure 
and temperature measurements, near the aft end of the cavities. 

Figures 4. 17 to 4. 26 were selected to demonstrate the functional 
dependency of cavity pressure depression upon various correlating par- 
ameters. The primary parameters, as differentiated from derived 
parameters, at our disposal are cavity length (l ), fluid temperature (T ) 
and velocity (V q ), and ogive diameter (DJ. Comparing figures 4. 17 and 

4. 18, we note that t/D and T are almost constant but V varies Com- 

ill o o 

paring these hydrogen data for the same size ogives, we see that the 
maximum pressure depression decreases slightly with increasing values 
of V Q --this conclusion applies only to the 0. 210-inch and 0. 357-inch 
ogives. This result differs from the venturi [3,20], hydrofoil [21], and 
zero-caliber ogive [29] tests; however, similar results were obtained in 
pump inducer performance tests [6] using liquid hydrogen. 

The effect of hydrogen temperature upon P v - P n is made apparent 
by comparing figures 4. 18 and 4. 19--here 1 / D and V are nearly con- 
stant and T q varies. Cavity pressure depression increases markedly 
with increasing hydrogen temperature. Similarly, by comparing figures 
4. 17 and 4. 20 and then figures 4. 19 and 4. 21, we find that hydrogen cavity 
pressure depression increases with increasing cavity length. Upon com- 
parison of figures 4. 20 and 4. 21, we find that increasing V l/D and 
. ° m* 

o lncreases hydrogen cavity pressure depression. Figures 4. 17, 

4. 18, and 4. 20 reveal little size effect at the lower hydrogen tempera- 
tures; however, figures 4. 19 and 4. 21 indicate a definite size effect 


81 


exists at higher hydrogen temperatures. The cavity pressure depressions 

increase with increasing values of D^ f 

Similar comparisons and comments apply to the nitrogen data 

plotted on figures 4. 22 to 4. 26. Comparison of figures 4. 22 and 4. 23 

reveals that P -P increases with increasing V . Comparing figures 
v n o 

4. 23 and 4. 24, we note that P - P increases markedly with increasing 

v n 

T . Pairing figures 4. 22 and 4. 25, and then figures 4. 24 and 4. 26, we 

find that P - P for nitrogen increases with increasing cavity length, 
v n 

For nitrogen, as with hydrogen, the combined effects of increasing V , 

T , and l/D results in larger values of P - P (pair figures 4. 25 and 
o m v n 

4. 26 or figures 4, 24 and 4. 25). Again, we see a definite ogive size 

effect at the higher velocities and temperatures with nitrogen test fluid- - 

P - P increases with increasing ogive size, 
v n '' 

The foregoing discussions of figures 4. 17 to 4. 26 show that cavity 
pressure depressions generally increase with increasing cavity length, 
ogive diameter, fluid temperature, and velocity for these tests; however, 
the pressure depressions decrease with increasing velocity for the 
0. 210-inch and 0. 357-inch ogives in liquid hydrogen. 

4.4.3 Mathematical Correlative Results 
The foregoing cavity parameter functional dependencies are 
also shown by simply observing the characteristics of the experi- 
mentally derived exponents in table 4.7. In reference [28], it is 
shown that the pressure depression increases with increasing T 
and B. Referring to line 10 of table 4.7, we observe that B increases 
with increasing x and D^, and B decreases with increasing V . Then, 

for hydrogen cavities on the 0.210-inch and 0.357-inch ogives, P - P 

v 1 

must increase with increasing T , x, and D , and P - P must decrease 

o m v 1 

with increasing V^. By inspecting tables 4.7 to 4.9, similar deductions 
may be drawn for any body- fluid combination. 
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The 'similarity' equations were fitted with numerical exponents 
derived from the ogive experimental data. These equations were derived 
in the course of this study [21] and represent extensions of the work of 
Gelder, et al. [19]. The exponents given in tables 4. 7 to 4. 9 were 
obtained with a least- squares fitting technique and a digital computer; 
the suitability of the various exponents to the experimental data is 
indicated by the standard deviation in B-factor as explained previously. 

In the ogive experiments, the value of B varies with the diameter of the 
ogive as follows: 1) 0. 210-inch ogive --B ranges from 0. 7 to 2. 0 for 
hydrogen and from 0. 5 to 2. 3 for nitrogen, 2) 0. 357-inch ogive --B ranges 
from 1. 2 to 2. 6 for hydrogen and from 1. 1 to 2. 5 for nitrogen, 3) 0. 420- 
inch ogive --B ranges from 1. 1 to 2. 8 for hydrogen and from 1. 1 to 3. 0 
for nitrogen. In the hydrogen venturi study, the value of B ranges from 
2. 0 to 5. 0; in the hydrofoil experiments, the value of B ranges from 1. 0 
to 5. 0, for both hydrogen and nitrogen test fluids. 

The correlative expressions, used to correlate the experimental 
data, are given at the bottom of tables 4. 7 to 4. 9. The mathematical 
technique, used to derive the exponents, can easily pick an extraneous 
value for any of the exponents if there does not exist significant varia- 
tion in the corresponding physical parameter. The lack of variation in 
O' explains why El frequently tends toward a negative number in tables 
4. 7 to 4. 9; this is particularly true when correlating with single fluids 
as explained in a previous report [21], For the ogive data, a varied by 
less than 8 percent with hydrogen and by only 16 percent with nitrogen- - 
the variation in a for hydrogen-nitrogen correlation was about 2: 1. Thus, 
sufficient variation in <y exists, for the hydrogen-nitrogen correlations, 
to provide reliable exponents. There was over 400 percent change in 
O' in the hydrogen-refrigerant 114 data correlated by Moore and Ruggeri 
[3], and thus the value for El reported in line 4 of table 4. 9 is to be 
preferred when correlating with eq (4-8). It is apparent that 
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the combined fluid correlations, for any hydrodynamic model or cor- 
relative expression, are to be preferred because of the greater varia- 
tion in physical parameters. We shall soon demonstrate that the a 
term is insignificant when correlating with the MTWO term--eq (4-9). 

In all of our ogive, hydrofoil, and venturi data, use of the V and 
O terms improved the correlations; however, it is felt that use of these 
additional correlating parameters is not justified, unless they substantially 
improve the correlative fit. None of the data were materially improved 
by the use of O; therefore, values for E5 are not included in tables 
4.7 to 4.9. Similarly, the V term was of value only for some of the 
combined fluid correlations using eq (4-8)-- see values for E4 in tables 
4.7 and 4.9. Correlation of the hydrogen- refrigerant 114 data (line 
4 of table 4.9) would most likely be improved by using one or both of 
these terms . 

Exponents for the ogive data, usipg eq (4-8), are given in table 4. 7. 
Again, the viscosity and surface tension terms had little influence on the 
data correlation for single fluids (lines 1 to 6 and 10 to 17) and were not 
used; however, the viscosity term significantly improved some of the 
combined fluid correlations (lines 7, 9, and 19 to 21), and the correspond- 
ing exponent, E4, was determined. For these combined fluids, inclusion 
of the viscosity term reduced the standard deviation by 7 to 25 percent- -a 
substantial reduction. 

Inspection of the 0. 210-inch ogive data reveals typical variations 
in o, v , and cr. In the hydrogen data (line 1 of table 4. 7), a varied by 
only 8 percent, vvaried by 12 percent, and a varied by 17 percent. In 
the nitrogen data (line 2), a varied by 16 percent, v varied by 35 percent, 
and a varied by 29 percent. Thus, it is not surprising that the v and a 
terms were of little benefit in the single fluid correlations, nor that the 
exponent on the a term is somewhat unsteady. In the combined fluid data 
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(line 7), O' varied by almost 100 percent, v varied by 35 percent, and 
a varied more than 300 percent. Then the a exponent, El, should be 
quite meaningful, the v exponent, E4, (though beneficial) is suspect, 
and the a exponent, E5, should be beneficial. Because the a term was 
of negligible value in the correlative fit, even though it varied by a 
factor of three, we must conclude that a is not an important correlating 
parameter for the cryogens tested; however, it may yet prove to be a 
valuable correlating parameter for other fluid combinations --with 
smaller or larger variations in a. Although the v term improved the 
combined fluid correlation, the numerical value of E4 is suspect because 
of the relatively small variation in v for these data. Again, v may be an 
excellent correlating parameter for other fluid combinations and is of 
considerable value for the hydrogen-nitrogen combination. 

Inspection of the hydrogen data in table 4. 7 (lines 1, 3, and 5) 
indicates that E2 tends toward negative values with decreasing ogive 
size. This result has already been illustrated graphically, i. e. , B 
decreases with increasing V q for the 0. 210-inch and 0. 357-inch ogives. 
All of the nitrogen data (lines 2, 4, and 6) produced positive values of 
E2, but these values appear somewhat inconsistent. The foregoing 
comments are reflected throughout the remainder of the E2 data in 
table 4. 7 (lines 7 to 21). The cavity length exponent, E3, is observed 
to be relatively constant for all ogive model-fluid combinations (lines 1 
to 21 of table 4. 7). The viscosity exponent, E4, is also observed to be 
relatively constant for those model-fluid combinations where v was 
found to be beneficial (lines 7, 9, and 19 to 21). 

Lines 10 to 2 1 on table 4. 7 were selected to establish the size 
effect for the ogives, i. e. , the value of E6. Perusal of this data 
indicates considerable variation in E6, depending upon the model-fluid 
combination. The best set of exponents, using eq (4-8), is considered 


85 


to be those given in line 21 of table 4. 7. These exponents are derived 
using all of the available ogive data and are consequently representative 
of the maximum variation in each of the correlating parameters. The 

data on line 21 is repeated on line 1 of table 4. 9. 

Comparison of these best experimental exponents (line 21 of table 
4. 7) for the ogives, with the exponents predicted from heat transfer 
considerations [21], is somewhat gratifying. The predicted [21] values 
of El, E2, and E3 bracketed the experimental data, but the predicted 
value of E4 did not. These ogive tests do not reveal that a particular 
flow mode, and technique for evaluating the thermal boundary layer 
thickness, are to be preferred. Similar results were obtained in the 
hydrofoil tests [21], 

The ogive data were also correlated using eq (4-9); this was 
accomplished by substituting MTWO for V q in the computer program. 

These results are shown in table 4. 8. It is apparent from the foregoing 
discussion, and the results shown in table 4. 8, that the v and a terms 
did not materially improve the correlation. That eq (4-9) is quite superior 
to eq (4-8), as a correlative expression, is readily shown by a line-to-line 
comparison of the results given in tables 4. 7 and 4. 8. A substantial 
reduction (up to l/4) in standard deviation in B-factor is achieved, in all 
but three cases (lines 1, 3, and 10), by substituting MTWO for V q . 

In those three cases where MTWO does not improve the correlation, the 
0.210-inch and 0.357-inch ogives and hydrogen fluid are involved. For 
these three cases, it was found that the standard deviations listed in 
table 4.7 could be reduced by 10 to 20 percent by using eq (4-9) and 
evaluating MTWO in a different manner- -the homogeneous thermal 
equilibrium two-phase mass flux limiting model [30] was used to 
derive an expression for MTWO. All of the data presented in table 4.8 
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were derived using the expression for MTWO that was developed in a 
previous report [21]. The fact that a different expression for MTWO 
works better in some cases implies that we have not yet developed the 
optimum formulation for evaluating MTWO; however, the use of MTWO, 
as currently evaluated, is clearly superior to the use of V q as a cor- 
relating parameter. 

In addition to reducing the standard deviation in B-factor, the use 
of MTWO results in far more consistent values of the exponents E2, E3, 
and E4 for the various model-fluid combinations (lines 1 to 21 of table 4. 8). 
Careful study of these same data (and comparison with the data in table 
4. 7) will also show that the importance of the a and x terms is generally 
lessened when eq (4-9) is used, i. e. , the numerical values of El and E3 
are reduced. In the combined model-fluid correlations (lines 18 to 21 
of table 4. 8), the numerical value of El is so small that the a term could 
be neglected. The a term is undoubtedly diluted somewhat, because of 
the many thermophysical and thermodynamic fluid properties embodied 
in the MTWO parameter. It is believed that the slight correlative improve- 
ment offered by the v and a terms, when using eq (4-9), can be attributed 
to the very strong influence of the MTWO parameter. While the vterm 
was of considerable benefit (lines 7, 9, and 19 - 21 of table 4. 7), when 
using eq (4-8), it has little effect when the standard deviation is reduced 
to a much lower value (lines 7, 9, and 19 - 21 of table 4, 8), by use of 
the MTWO parameter. The predominant influence of the MTWO term 
may also be responsible for the slight reductions in E3, when using 
eq (4-9). The importance of MTWO, as a correlating parameter, empha- 
sizes that mass transfer plays an important role in the cavitation process. 
Again, line 21 of table 4. 8 represents the best set of exponents for the 
ogive data using eq (4-9). These data are repeated on line 5 of table 4. 9. 
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Table 4.9 lists the Best experimental exponents for the hydro- 
dynamic bodies and fluids used in this study. The best correlative 
results using eq (4-8) and eq (4-9) are presented. The first four data 
lines indicate that the exponents, using eq (4-8), vary appreciably with 
the model- fluid combination- - only E3 and E4 show reasonable constancy. 
Lines 5 to 7 of table 4.9 indicate that all of the exponents, using eq (4-9), 
are reasonably constant for the model-fluid combinations' available to us. 
Certainly, it is not expected that the exponents derived from eq (4-8) or 
eq (4-9), for different bodies, should be the same. Our tests coupled 
with recent tests [29], on zero-caliber ogives, indicate that the expo- 
nents derived from eq (4-8) may vary widely from one hydrodynamic 
body to another. Yet it is remarkable that the variation in the exponents, 
using eq (4-9), is so small (lines 5 to 7 of table 4.9). It is apparent that 
the a term is negligible in lines 5 to 7; thus, it appears that the a term 
could be eliminated in eq (4-9). Then-, only the MTWO, x and D 

m 

terms remain as vital correlating parameters. 

The importance of MTWO, as a correlating parameter, is readily 
demonstrated by comparing the standard deviation in B- factor for lines 
1 and 5, 2 and 6, 3 and 7 in table 4.9. A significant improvement in 
data correlation is obtained, in each case, by using eq (4-9). 

The diameter (size) terms in eq (4-8) and eq (4-9) produced 
almost identical values for E6 (lines 1 and 5 of table 4.9). Moore and 
Ruggeri [3] obtained an exponent value of -0.1 for the diameter term--E6 
= -0.1 in eq (4-8)--based on tests using refrigerant 114 in two different 
venturi sizes. Those tests were performed with a venturi identical to the 
one used in our study [20], and with a larger (1.414:1) geometrically 
similar venturi. Billet [29] used water and refrigerant- 1 1 3 to test 
0.24-inch and 0.50-inch diameter zero- caliber ogives. He obtained 
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values of El = 0. 60, E2 = 0. 30, E3 = 0. 58, and E6 = -0. 25 for these 

tests--as derived from a formulation similar to eq (4-8). Thus, it 

appears that size effects vary with equipment geometry. 

It is instructive to consider another aspect of size effect. The 

-t/D ratio is used in a wide variety of geometric scaling problems and 
m 

has special 'similarity' significance [3], Substitution of -t/D for x in 
eq (4-8) and eq (4-9) requires that 



The true 'size effect' is then indicated by the value of the new exponent, 
E7, i. e. , for the same cavity length-to -diameter ratio, l/D , the size 
effect is functionally represented by ( D m / D m ref ) • Using the E3 
and E6 data in lines 1, 4, and 5 of table 4. 9 and Billets' data [29] , 
we obtain values of E7 as follows: The Moore and Ruggeri data [3] 

produce the lowest value of 0. 20 (from line 4), Billets' data [29] yields 
a value of 0. 33 and our ogive data requires that E7 = 0. 84 (line 5) or 
0. 94 (line 1). Our ogive data indicate that B increases almost linearly 
with increasing equipment (body) size- -for the same -t/D . From 
these limited available data, it appears that size effect must be indi- 
vidually determined for specific equipment -fluid combinations. 

The results obtained herein indicate that eq (4-9), rather than 
eq (4-8), should be used for predictive calculations [4, 5], 

4.4.4 Variation of K . With Geometry, Fluid, Size, Etc. 

c, mm 

The arithmetic mean value of the developed cavitation parameter, 

K c does not vary appreciably for the venturi data presented in 

table 4.9. This parameter was also relatively constant for the hydrofoil 

data [21]; this is an important result, because constant K . , eq 

c, mm 

(4-8), and the isentropic flashing theory [28] are used to predict [4, 5] 
the cavitating performance of a particular piece of equipment. The 
fact that is different, for different models, curtails the 
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current predictive techniques [4, 5] to a particular piece of equipment, 

i.e., the geometry (shape) of the cavitating equipment must be identical 

or similar. Actually, it was anticipated [20] that K , for manv 

c, min y 

cavitating bodies, would not remain constant- -as with the venturi- -for 
all fluids, cavity lengths, velocities, temperatures, etc. Then, it was 
neither surprising that ^ for the hydrofoil varied slightly [21] nor 
that K c m . n varied appreciably with ogive model-fluid combinations, see 
table 4.7 or 4.8. For the ogive data, varied by a factor of 

1.5:1. m 

Also, K c varied more for the ogives and the hydrofoil than 

for the venturi; K . was within 7 percent of K . for the venturi 
c , min c t mi n 

and showed 15 percent deviation for the hydrofoil. K for the ogives 

c,min 

varied as follows: 1)0, 210-inch ogive — K . varied from 0 33 to 

c,mm 

0. 51 with hydrogen and from 0. 36 to 0. 63 with nitrogen, 2) 0. 357-inch 

ogive - -K^ m . n varied from 0. 50 to 0. 77- with hydrogen and from 0.43 

to 0. 71 with nitrogen, 3) 0. 420-inch ogive--K . varied from 0. 53 to 

c,mm 

0. 71 with hydrogen and from 0. 45 to 0. 63 with nitrogen. From these 

data and the K data given in table 4. 7, it is apparent that K 

c > min c,mm 

increases with increasing ogive size. We note that the 0. 24-inch diameter 

zero-caliber ogive data of Billet [29], for water and refrigerant-113, 

show similar large variations in K . (0. 32 to 0. 52). Also sienifi- 

c , mm 9 & 

cant variations in m ^ n bave been observed in pump [4] and pump 
inducer [5,6] performance tests. Then, for a specific piece of equip- 
ment K can vary appreciably with fluid and flow conditions, and 

c,min ’ 

K . for similar equipment can be expected to vary with size. 


c, mm 

An attempt was made to determine the functional dependency of 

c,min U ^° n X ’ V o ^ o'* however, these results were somewhat 

discouraging. It was determined that the hydrofoil K is nearly 

c , min 


K 
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independent of cavity length and velocity and increases very slightly 

with increasing temperature. With the ogives, K . was also found 

c , mm 

to increase with increasing temperature and is almost independent of 

cavity length and velocity. Billet obtained different results for zero- 

caliber ogives [29]--K^ m ^ n was nearly independent of T^, and increased 

slightly with increasing V , and decreased with increasing cavity length. 

For the venturi [20] K . was nearly independent of x. V , and T . 

c,mm r o o 

Consequently, the behavior of K . for different equipment is not 

c , mm n r 

currently predictable prior to testing. 

Where K . does not vary appreciably, it is convenient to use 
_ c,mm ; rr 79 

K . for predictive purposes. With large variations in K . , as 
c , mm c , mm 

in our ogive data, this practice will produce relatively crude predictive 

results; however, in practical applications similar flow conditions can 

usually be selected [4-6], so that predictions can be made at identical 

values of K . . Data presented herein shows that K . , and con- 
__c, mm r c, mm 

sequently m j in » varies widely with body or equipment geometry, as 

does the pressure coefficient, C . Thus, it is quite obvious that pre- 

P 

diction of cavitation performance, from one piece of equipment to 

another, will require significant advances in the f state -of-the art. 1 

As a preliminary step, we can supply, from this study and others, 

data that relates K . to the noncavitating minimum pressure coef- 
v c , mm r 

ficient, C . The definitions of these two parameters are nearly identi- 
P - 

cal, except that * s based upon minimum cavity pressure in 

cavitating flow and C is based upon minimum pressure in noncavitating 
v P 

flow--also, C has a negative numerical value, see nomenclature. 

P 

Experimental data from this study and others are plotted on figure 4. 27; 
v 

neither K or C are corrected for blockage in this plot. If a 

c , mm p v 

designer can estimate values of C from idealized fluid flow solu- 

P 

tions, or from model scale-up tests in wind tunnels, a correspond- 
ing value of K . can be picked from figure 4.27. 
c, mm 
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It may then be possible to apply the predictive techniques of Ruggeri 
and Moore [4-6] to estimate cavitation performance from one piece of 
equipment to another. More data on this topic will be supplied in 
Volume IV of this report series. 

The conventional cavitation parameter for developed cavitation, 

K , also varies with flow conditions for any particular geometry, e. g. , 
v’ 

see table A- la and Rouse and McNown[25], 


4. 5 Developed Cavity Shapes 

One of the main objectives of the hydrofoil and ogive experiments 
was to obtain cavity volume- thickness data, in an effort to improve the 
correlative theory. The hydrofoil-tunnel and ogive-tunnel configurations 
were designed to provide optimum photographs of the developed cavities. 
Enlarged photographs of the cavities, for each experimental data point, 
were carefully studied to determine cavity shape, thickness, and volume. 
Ogive tunnel distortion, figures 3. 2 to 3. 4, was taken into consideration 
in this cavity shape analysis. All of the cavities were elliptically shaped, 
and the photographed cavities were easily fit with a transparent -plastic 
elliptical-template. By recording appropriate data from the template, 
e. g. , major and minor axes dimensions, maximum cavity thickness, 
and angle of projection, it was possible to compute cavity volumes, 
shapes, etc. We found that cavity thickness and volume increased with 
increasing cavity length, and were nearly independent of V q and T q . 
Because we are primarily interested in the shape of cavities near their 
leading edge, we restricted our attention to cavity volumes in the front- 
half of the cavity; in this way, the ill-defined trailing regions of the 
cavity are avoided. The shapes, of all of the cavities, were adequately 

p 

represented by a simple algebraic expression of the form 6 v = C q x . 
Table 4. 10 summarizes the cavity shape data. 
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Table 4. 10 Summary of developed cavity shape data. 


Model 

Fluid 

c 

o 

P 

Hydrofoil 


H 2 

0. 77 

0. 37 

Hydrofoil . 


N 2 

0. 44 

0. 63 

0. 210-inch 

ogive 

H 2 

0. 41 

0. 86 

0. 210-inch 

ogive 

N 2 

0. 43 

0. 73 

0. 357 -inch 

ogive 

H 2 

0. 49 

0. 69 

0. 357-inch 

ogive 

N 2 

0. 50 

0. 69 

0. 420 -inch 

ogive 

H 2 

0. 34 

0. 79 

0. 420 -inch 

ogive 

N 2 

0. 29 

0. 78 

6 = C X P , 

V o 

exceed the 

where 6 and x are in millimeters e 

V 

cavity half-length. 

ind x cannot 


The expressions for the ogive cavity shapes are observed to be 
reasonably consistent in the exponent p. These cavity data and shape 
analyses substantiate the assumption of the existence of parabolic- shaped 
cavities in a previous analysis [21]. These data also support the selec- 
tion of a mean value for p 0.65 in that analysis [21]. 

Because of its application in the pumping machinery field, pressure- 
head has been included in the data tabulated in appendix A. Mathematical 
conversion of pressure to pressure-head merely requires evaluation of 
the liquid density at the point of measurement; however, selection of the 
appropriate liquid density can be a bit perplexing. Figures 4. 17 to 4. 26 
indicate that the measured pressures and temperatures, within the cavi- 
ties, are not in perfect agreement. Also, due to the thermal expansivity 
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of liquid hydrogen, the bulkstream temperature does not remain perfectly 

constant as the liquid flows over the ogives. The following methods were 

used to calculate pressure head from the cavity measurements: (1) 

Head (h ) was calculated from measured cavity pressure by using the 
n 

saturation density at the measured pressure. (Z) Head (h ) was 

n f ■*“ 

calculated from measured cavity temperature by using the saturation 
density at the measured temperature. Both values of head are given in 
the tabulated data in appendix A. 

5. CONCLUDING REMARKS 

Desinent cavity data, for three quarter-caliber ogives, were 
acquired for vaporous hydrogen and nitrogen cavities; the results for 
these scaled ogives are given in appendix A and on figures 4. 1 to 4. 16. 
Correlation of the desinent data is treated in appendix C of reference 
[2l]. The desinent data tend toward a narrow range of values, at 
the maximum velocities, irrespective of fluid or fluid temperature. 

The hydrogen data indicate that K increases slightly with increasing 
body size, while the nitrogen data imply an opposite trend. Neither the 
Weber or Reynolds numbers appear attractive as correlating parameters 
for these ogive desinent cavity data. These ogive data, for cryogenic 
liquids, substantiate a previous observation [21] that these liquids 
require less subcooling --relative to higher boiling-point liquids--for 
desinent cavitation to occur. 

Pressure and temperature profiles were measured within fully 
developed, vaporous hydrogen and nitrogen cavities; these results, for 
the ogives, are given in appendix A and on figures 4. 17 to 4. 26. Within 
data accuracy, these pressure and temperature depressions were in 
stable thermodynamic equilibrium. These data were correlated using 
a previously described [20] technique, and the extended theory developed 
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in a previous report [21]. Using the conventional correlating technique, 
eq (4-8), it was found that V^, x, and v, were valuable correlating 
parameters for combined fluids, see table 4.7. Using the new MTWO 
parameter, only MTWO and x were of value, see table 4.8. If the MTWO 
correlation is not used, the results may be degraded by approximately 
25 to 50 percent (as based on standard deviation in B), see table 4.9. 

Because MTWO is such an influential parameter, its use is highly rec- 
ommended in future work, for both correlative and predictive purposes. 

The ogive developed cavity data revealed a strong size dependency- - 
for the same ^/E* m ratio the B-factor increases almost linearly with 
increasing size (diameter). Thus, for liquids that possess nearly linear 
relationships between B and pressure-depression, such as water [28], 
the pressure-depression will increase almost linearly with increasing 
body (ogive) size. The ogive size effect is clearly indicated in tables 
4.7 to 4.9 and through the use of eq (4-10). Comparison of our data with 
those of others [3, 29] indicates that size effects vary with specific 
equipment-fluid combinations. 

The parameters used in this study to correlate ogive, hydrofoil, 
and venturi data are obviously suitable for a variety of body geometries 
(and sizes) with two-dimensional and axisymmetric cavitating flows 
(internal and external). Correlation of developed cavitation data from 
one cavitating body to another (of different geometry) requires further 
development . 

K . was found to vary by a factor of approximately two for 
c, min 

the ogives; however, relatively small deviations in K were experienced 

c, mm 

with the venturi and hydrofoil tests [ 21 1 . Variations, in K . , of 1.65:1 

J c, mm 

were found in tests on zero-caliber ogives [29] in water. Our data also 
show that m ^ n increases with increasing ogive size. It is quite appar- 
ent that m ^ n vary with equipment geometry, size, fluid, velocities. 



temperatures, etc. Then, the current predictive technique [4, 5], which 

c, min^ 


relies on constant K c min (° r K c min )> must be used with appropriate 
caution . 


It appears that the behavior of K . for different equipment is 
not currently predictable prior to testing of that equipment. With 
su ffi c i en t experimental data, it may be possible to estimate a range of 
values for m ^ n from knowledge of the noncavitating pressure coeffi- 
cient, C . Such knowledge may permit us to predict cavitating per- 

formance, from one piece of equipment to another, under certain limit- 

— v 

ing conditions. A typical K . - C plot is shown on figure 4. 27. The 

final volume of this report series will cover this subject in detail. 

The cavity-shape data, acquired during this study, indicate that 
the cavities can be described by a simple expression of the form 
6 v = C q x P ; this expression is valid only-in the frontal regions of the 
cavity. 

6. NOMENCLATURE 

B = ratio of vapor to liquid volume associated with the 

sustenance of a fixed cavity in a liquid 


BFLASH 


B 

t 

C 

o 


B derived from isentropic flashing theory (Ref. [28]) 
BFLASH 

constant or numerical coefficient in various algebraic 
expressions 
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c 

p 

£ 

p 

D 

m 


D 

o 



h 

n 


h 


n,T 


h 

o 


h 

v 


h 

x 


i 


= pressure coefficient f =(h - h )/(V 2 /2 b )1 

1 “ x o o 6 c 1 

v ? 

= minimum pressure coefficient [ = (h - h )/(V /2g )1 

o o 6 c 

= diameter of axisymmetric model (body) --in this 
study, the diameter of the cylindrical body with a 
quarter- caliber rounded nose (ogive) 

= test section (tunnel) inlet diameter 

- conversion factor in Newton's law of motion (gravita- 
tional acceleration) 

= (n = 1, 2, 3, 4, or 5): head corresponding to cavity 
pressure, measured at a particular instrument port 
on the ogive 

= (n = 1, 2, 3, 4, or 5): head corresponding to the 
saturation pressure at the cavity temperature, 
measured at a particular instrument port on the 
ogive 

= tunnel inlet head corresponding to absolute inlet 
pressure 

= head corresponding to saturation or vapor pressure 
at the tunnel inlet temperature 

= head corresponding to absolute pressure, measured 
on the ogive at distance x, downstream of the mini- 
mum pressure point--for noncavitating flow 

= head corresponding to the minimum absolute pressure 

on the leading edge of the ogive, computed from 

. „ v 

expression for C 

P 
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v _ 


K 

c, min 
K 

c, min 


K. 

IV 

K 

v 

t 


MTWO 


P 

n 


n, T 


P 

o 


P 

V 


Re 

T 

n 


developed cavitation parameter, based on minimum 
measured cavity pressure [ = (P - P^)/(p V / 2g )] 

arithmetic mean value of K for a complete set 

c, min 

of data points for a particular hydrodynamic body- 
fluid combination 

cavitation parameter, K^, evaluated at incipient 

(desinent) conditions [ = (P - P )/(p V ^/2g )1 

o v o o c 

2 

developed cavitation parameter [ = (P^ - P )/(p V /2g )] 

length of cavities developed on ogives, used inter- 
changeably with x in eq' s (4- 8) , (4-9), and (4-10) 

liquid phase velocity ratio [ = V /V ], see 

O 

reference [21] 

(n = 1, 2, 3, 4, or 5 J: absolute cavity pressure, 
measured at a particular station or instrument port 
on the ogive 

(n = 1, 2, 3, 4, or 5): saturation pres sure cor- 

responding to the measured cavity temperature at 
a particular station or instrument port on the ogive 

tunnel absolute inlet pres sure 

saturation or vapor pressure at tunnel inlet 
temperature 

Reynolds number [ = p V D /(a] 

o o m 

(n = 1, 2, 3, 4, or 5): measured cavity temperature 

at a particular station or instrument port on the ogive 
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T 

o 



V 

o 

We 

x 


= bulkstream temperature in degrees Rankine (Kelvin), 
of liquid entering the tunnel 

= characteristic liquid velocity component, normal to 
cavity liquid- vapor interface, see reference [ 21 ] 

= velocity of test liquid at inlet to tunnel 

2 . , 

= Weber number [ = p Q V q D^/aJ 

= axial distance measured from minimum pressure 
point on ogive- -used interchangeably with cavity 
length, t , in eq's (4-8), (4-9), and (4-10) 


Greek 

a 

6 

v 

U 

v 



thermal diffusivity of liquid, evaluated at tunnel inlet 
thickness of the developed vaporous cavity 
absolute viscosity of liquid, evaluated at tunnel inlet 

kinematic viscosity of liquid, evaluated at tunnel 
inlet [5 p,/ P q ] 

density of liquid, evaluated at tunnel inlet 

surface tension of liquid in contact with its vapor, 
evaluated at tunnel inlet 


o = denotes tunnel inlet location 

re f = reference run (data point), or test conditions, to 

which a computation is being referenced when 
attempting to correlate cavitation performance via 
eq (4-8) or eq (4-9) 
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Superscripts 

El 


E2 


E3 

E4 

E5 

E6 


E7 


P 


exponent on thermal diffusivity ratio in eq (4-8) 
and eq (4-9) 

exponent on tunnel inlet velocity ratio in eq (4-8) 
and also used as an exponent on the MTWO ratio 
in eq (4-9) 

exponent on cavity length ratio in eq (4-8) and 
eq (4-9) 

exponent on kinematic viscosity ratio in eq (4-8) 
and eq (4-9) 

exponent on surface tension ratio in eq (4-8) and 
eq (4-9) 1 

exponent on (characteristic dimension) cavitating 
body diameter (or thickness) ratio in eq (4-8) 
and eq (4-9) 

exponent on cavitating body diameter ratio in 

eq (4- 10) --used to determine true size effect for 

the same l/D ratio 
m 

exponent in algebraic expression for cavity shape 

(6 = C x P ) 

v o 
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APPENDIX A: Experimental cavitation data--nitrogen and hydrogen— for ogive*. 
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Table A-la. (cont’d) 
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Table A-la. (cont’d) 
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Table A- la. (cont’d) 
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Table A-la. (cont’d) 
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Table A-lb. Experimental cavitation data for 0.210-inch ogive using liquid nitrogen (SI Units). 
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Table A-2a. Experimental cavitation data for 0.210>inch ogive using liquid hydrogen (English Units). 
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Table A-2a. (cont’d) 
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Table A-2a. (cont’d) 
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Table A-2b. Experimental cavitation data for 0.210-inch ogive using liquid hydrogen (SI Units). 
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Table A-2b. (cont’d) 
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Table A-3a. Experimental cavitation data for 0.357-inch ogive u*ing liquid nitrogen (English Units). 
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Table A-3b. Experimental cavitation data for 0.357-inch ogive using liquid nitrogen (SI Units). 
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* DENOTES AN INCIPIENT RUN 
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Table A-4a. Experimental cavitation data for 0.357-inch ogive using liquid hydrogen (English Units). 
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Table A-4a. (cont’d) 
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* denotes an incipient run 
** denotes a desinent run 
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Table A-4a. (cont’d) 
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Table A-4a. (cont’d) 
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Table A-4b. Experimental cavitation data (or 0.357-inch ogive using liquid hydrogen (SI Units). 
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* denotes an incipient run 
** denotes a desinent run 
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Table A-4b. (cont’d) 
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Table A-4b. (cont’d) 
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Table A-5a. Experimental cavitation data for 0.420-inch ogive using liquid nitrogen (English Units). 
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Table A-Sb. (cont’d) 
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Table A-6a. Experimental cavitation data for 0.420-inch ogive using liquid hydrogen (English Units). 
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Table A-6a. (cont’d) 
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Table A-6b. Experimental cavitation data for 0.420-inch ogive using liquid hydrogen (SI Units). 
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* denotes an INCIPIENT RUM 
** DENOTES a DESINERT RUN 
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* demotes an incipient run 
** DENOTES a desinent run 


T able A-6b. (cont’d) 
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